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Abstract 
Concentrating Photovoltaic technology is considered now as a promising option 
for solar electricity generation along with the conventional flat plate PV technology 
especially in high direct normal irradiance areas. However, the concentrating 
photovoltaic industry sector still struggles to gain market share and to achieve 
adequate economic returns due to challenges such as the high temperature of 
the solar cell which causes a reduction its efficiency. 
The work presented in this thesis is targeted to influence the overall performance 
of a high concentrated photovoltaic system by integrating both the multi-layered 
microchannel heat sink technique and a phase change material storage system. 
The proposed integrated system is composed of a multi-layered microchannel 
heat sink attached to a single solar cell high concentrated photovoltaic module 
for thermal regulation purposes. This is expected to reduce the solar cell 
temperature hence increasing the electrical output power. The high concentrated 
photovoltaic and multi-layered microchannel heat sink system is then connected 
to a phase change material thermal storage system to store efficiently the thermal 
energy discharged by the high concentrated photovoltaic and multi-layered 
microchannel heat sink system. 
The first part of the thesis discusses the influence of the multi-layered 
microchannel heat sink on the high concentrated photovoltaic module using both 
the numerical and experimental approaches. The multi-layered microchannel 
heat sink has been integrated for the first time with the single cell receiver and 
tested successfully. A numerical analysis of the high concentrated photovoltaic 
and multi-layered microchannel heat sink system shows the potential of the heat 
sink to reduce the solar cell maximum temperature and its uniformity. 
The thermal behaviour of the multi-layered microchannel heat sink under non-
uniform heat source was experimentally investigated. The results show that in 
extreme heating load of 30W/cm² and in heat transfer fluid flow rate of 30ml/min, 
increasing the number of layers from 1-layer to 4-layers reduced the heat source 
temperature from 88.55°C to 73.57°C, respectively. In addition, the single layer 
multi-layered microchannel heat sink suffers of the most heat source temperature 
non-uniform compared to the heat sinks with higher number of layers. Also, the 
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results show that increasing the number of layers from 1-layer to 4-layers reduced 
the pressure drop from 16.6mm H2O to 3.34 mm H2O. 
The indoor characterization of the high concentrated photovoltaic and multi-
layered microchannel heat sink system investigated the effect of the number of 
layers, the homogeniser materials, and the heat transfer fluid flow rate and inlet 
temperature on the electrical and thermal performance of the system.  The results 
show that the maximum power of the high concentrated photovoltaic module with 
glass homogeniser is 3.46W compared to 2.49W when using the crystal resin 
homogeniser for the 2-layers multi-layered microchannel heat sink and 30ml/min 
under 1000W/m² irradiance intensity. Increasing the number of layers from 1-
layer to 3-layers on the high concentrated photovoltaic and multi-layered 
microchannel heat sink system increased the maximum electrical power by 10% 
and decreased the solar cell temperature 3.15°C for the heat transfer fluid flow 
rate of 30ml/min. This gives an increase in the maximum electrical power of 
98.4mW/°C. 
The outdoor characterisation of the high concentrated photovoltaic and multi-
layered microchannel heat sink system performance was evaluated at the 
University of Exeter, Penryn Campus, UK. The achieved maximum output 
electrical power of the system was 4.59W, filling factor of 75.1%, short circuit 
current of 1.96A and extracted heat of 12.84W which represents of 74.9% of the 
maximum solar irradiance of 881W/m². In addition, the maximum solar cell 
temperature reached to 60.25°C. 
Secondly, the experimental studies were carried out in order to investigate the 
performance of the phase change material storage system using paraffin wax as 
the PCM materials. The thermal storage system performance was evaluated in 
various conditions. The results show that inclination of the phase change material 
storage influences the melting behaviour of the phase change material where the 
phase change material storage of 45º inclination position melts faster than the 
phase change material storages in the 0º and 90º inclination positions. The phase 
change material melting time is reduced in the PCM storage of 45º inclination 
position by 13% compared to the 0º inclination position. 
The last part of the thesis discusses the integration of the phase change material 
storage with the high concentrated photovoltaic and multi-layered microchannel 
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heat sink system. A 3D numerical model was developed to predict the behaviour 
of the integrated high concentrated photovoltaic and multi-layered microchannel 
heat sink system with the phase change material storage system using variable 
source conditions. The results show a higher heat absorption rate on phase 
change material storage that uses a lower melting temperature phase change 
material compared to the higher phase change material melting temperature. The 
multi-stages storage with different phase change materials melting temperature 
showed a lower heat absorption compared to the phase change material 
arrangement with the lower melting temperature. Also, the rate of the absorbed 
heat fluctuation is less affected by the phase change material arrangement with 
higher melting temperature. 
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Chapter 1 : Introduction 
Solar energy is one of the most abundant renewable energy sources on the 
planet. The amount of solar energy received by the earth in six hours is greater 
than the world’s total annual energy consumption. However, the high cost and 
low efficiency of the energy conversion systems are the most important issues in 
terms of harnessing energy from the sun. Concentrating solar photovoltaic is one 
of the promising solutions to reduce the cost of the electrical generation by 
replacing the expensive solar cells with inexpensive concentrator materials. For 
certain applications, such as electrical- thermal integration, high concentrating 
photovoltaic systems can be an efficient way to generate higher electrical power 
while concentrating high solar irradiance, using the generated heat for domestic 
heating. This chapter provides an introduction to the thesis topic, the motivation 
for carrying out the research, its objectives, methodology and finally its 
contribution in this field. 
1.1 Introduction 
The energy demand in the world is raising continuously because of global 
population increase, fast urbanisation and industrialisation. The fossil fuels are 
the major energy source about 92% of the total world energy until now [1]. The 
higher proposition of the energy consumption is for the domestic heating 
especially in Europe where the winter temperature might fall below 0°C. In 2012, 
45% of the total energy produced in the UK was used for heating purposes. The 
source of generating this amount of heat is mainly by using fossil fuels (80%) [2].  
Due to all the above facts, using renewable energy sources such as wind and 
solar have become more essential. Solar energy is considered as an important 
renewable energy source globally. It is considered one of the promising solutions 
of the future energy as the earth is exposed to a huge amount of solar radiation 
every moment. The solar energy can be collected by photovoltaic for electricity 
generation or by solar collectors to collect the thermal energy. The direct radiation 
availability and its intensity variation during the day and seasons causes a real 
challenge to the solar technology where this cause a mismatch between the 
supply and demand.  
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Thermal energy storage (TES) is another topic important topic in the solar energy 
technology. For example, thermal energy storage technology can be used to 
store the thermal energy that is collected by solar collector in order to be used 
later. The other application of TES is to be used to store the heat generated by 
the photovoltaic especially the medium and high concentrated photovoltaic (CPV) 
and hence to increase the overall system efficiency. Researches show that 
integrating the two technologies: CPV and TES will lead to a good overall system 
efficiency when compared to the stand alone CPV system. 
1.2  Motivation 
1.2.1 Concentrating photovoltaic (CPV) 
Photovoltaic energy contributed to around 10% of the total world renewable 
energy in 2017 according to the International Renewable Energy Agency 
(IRENA) [3]. The Solar PV technology is considered one of the fastest growing 
renewable energy sources [4]. Between 2016 and 2017, the total energy 
generated by PV technology has increased by 32%. This amount of increase 
reflects the maturity and the reliability of the PV technology. 
 
Figure 1. World 2017 Renewable energy sources contribution. 
The continuity of the growth of the PV market depends on the achievement of 
higher performance, reliability and low cost. Like all other renewable energy 
sources, all PV manufacturers have to continue conducting the research and on 
reducing the manufacturing expenses in order to bring the cost per watt of their 
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systems to a competitive level for market acceptance. Each price reduction in PV 
system cost opens up large market segments with a great potential [5]. 
The main approach to reduce the total system cost is to reduce the material 
and/or manufacturing expenditure for the PV system elements. In any 
photovoltaic system, the solar cell is the most expensive element. Generally, it 
costs 50% or more in typical systems. Therefore, the solar cell is the key factor 
to reduce the cost of any photovoltaic system [5]. Hence, a lot of researches focus 
on the solar cell efficiency improvement as it is considered as a main area in this 
technology.  
PV technologies have proven their maturity for large-scale applications, but their 
efficiency is relatively low [6]. Scientist has found that photovoltaic cell 
temperature effects the cells efficiency [7]. A reduction of the solar cell efficiency 
of about 0.13% per Kelvin has been reported in GalnP/GaAs/Ge cells at 500x 
concentration [8,9]. Therefore, the thermal energy management of solar cells play 
an important role on their efficiency and the design of an efficient heat dissipation 
system becomes an important subject and a necessary requirement to achieve 
the high performance. 
1.2.2 Thermal Energy Storage  
Thermal energy storage (TES) technology is used to store the thermal energy for 
days, weeks or even for seasons. TES system becomes a necessary component 
in the renewable energy due to its importance to increase the overall system 
efficiency. In solar thermal system, TES system is needed to overcome the 
mismatch between the supply and the demand especially at night and at cloudy 
times. In addition, thermal energy storage is a solution to recover the waste heat 
form different systems where the waste heat availability can be utilized at  
different periods or in other applications that use the thermal energy [10]. 
Thermal energy can be stored using two basic forms such as sensible heat and 
latent heat storage. In the sensible heat storage, the heat causes the temperature 
of the storage material to raise proportionally whereas the latent heat storage 
technique uses the phase change to absorb heat instead to temperature 
increase. 
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Latent Heat Thermal Energy Storage (LHTES) technology has attracted 
considerable attention worldwide since it provides a high-energy storage density 
and has the capacity to store the heat at the phase transition temperature [11]. 
For example in the case of water, it requires 80 times as much energy to melt 1 
kg of ice as to raise the temperature of 1 kg of water by 1oC which means that a 
much smaller weight and volume of material is needed to store a huge amount of 
energy [12]. Phase Change Materials (PCM) melts and solidifies at a narrow 
melting temperature range. In addition, a small amount of material is required for 
a latent heat storage system, thereby the heat losses from the system maintains 
in a reasonable level during the charging and discharging of heat [13]. Phase 
change materials have been recently used to regulate the thermal in the 
photovoltaic system and remove the excessive heat away of the PV system in 
order to increase its performance. 
1.3  Research objectives  
The overall aim of this research is to propose an efficient integrated CPV-TES 
system. As shown in Figure 2, the efficiency of the CPV-TES integrated system 
is to be improved by increasing the generated electrical power by the CPV 
system, storing the extracted heat from CPV system using an efficient thermal 
storage system. Therefore, two techniques have been proposed to analyse their 
influence on the CPV; the multi-layered microchannel (MLM) heat sink and the 
PCM storage technique.  
 
Figure 2. Schematic of the proposed CPV-TES system. 
 To achieve the main aim, numerical and experimental investigations are to be 
conducted to analyse the fluid flow and heat transfer of the proposed the system 
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concepts under different configurations and operating conditions. In order to 
achieve this aim, the following main objectives are defined: 
1. To carry out a comprehensive literature review related to the CPV receivers, 
CPV thermal challenges and their opportunities and the different thermal 
regulation techniques. The literature review also includes the thermal storage 
systems design and configurations and the methods of heat transfer 
enhancement techniques. 
2. To apply the multi-layered microchannel (MLM) heat sink technique in the 
HCPV applications by developing CFD models of the HCPV-MLM system to 
study the effect of different parameters. 
3. To experimentally investigate the performance of the MLM heat sink with the 
HCPV in different analysis approaches. Also, the experiments aim to test the 
HCPV-MLM module in the real outdoor conditions of the UK. 
4. To develop a CFD model of PCM storage and validate it using the obtained 
information and investigate wider range of geometries and configurations of 
thermal storage systems with PCMs. 
5. To experimentally investigate the performance of thermal storage system 
using the phase change material (PCM) at different working conditions and 
inclination positions. Also, the experiments aim to investigate on the multi-
storage technique as thermal conductivity enhancement technique of the 
PCM. 
6. To numerically study the integration of the HCPV-MLM with the multi-stages 
PCM storage using the obtained outdoor experiments results. 
This research will focus on the following areas: 
System configuration development and optimization: Any newly designed 
system, to have any chance of succeeding, must be both economical and 
efficient. This includes its configuration and geometry optimization. 
Mathematical modelling: A comprehensive model study using the momentum 
equations, energy balance equations for the HCPV-MLM to understand the 
internal behaviour of the system. COMSOL multi-physics package is to be used 
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for the numerical modelling.  Both systems; the HCPV-MLM and the PCM system 
is to be modelled and studied the effects of the working parameters. 
Heat transfer enhancement: A quick heat transfer process for removing heat 
from the CPV is vital for the entire system performance. Also, the heat must be 
transferred at a high transfer rate to/from the PCM.  One of the main barriers is 
the need of improvement of the low thermal conductivity of the PCM to achieve a 
quick thermal absorption and dissipation response and provide a longer thermal 
control period for integrated system. 
Materials selection: A key area affecting the system performance is the 
selection of the heat sink materials. In addition, the selection of the PCM 
temperature range and their suitability for the application to ensure the effective 
storing and releasing the heat to other media, such as for water or air heating.  
Experimental measurements, performance evaluation and demonstration: 
The HCPV-MLM and PCM storage system prototypes with the optimized system 
configurations is to be tested experimentally. Experimental tests would be 
conducted to study the electrical and thermal behaviour. Additionally, the 
performance of the system to be examined in relation to outdoor climatic 
conditions.  
1.4  Research methodology  
Although experiments are necessary at some point in the design process to test 
and verify the performance of the system, the computational modelling is an 
efficient and cost-effective way to perform much of the preliminary design work. 
For this research the computational models and experimental works are two basic 
components to achieve the objectives. The thesis discusses two systems such 
as the HCPV-MLM and the PCM storage. Therefore, the study has been divided 
into three parts such as the HCPV-MLM, the PCM storage and the integration of 
both systems.  
The investigation of the HCPV-MLM system is conducted using both the 
numerical and experimental approaches as per the chart shown in Figure 3. At 
the beginning, the MLM heat sink concept has been chosen due to its attractive 
criteria of its ability to reduce the heat source temperature with less pressure drop 
compared to the conventional microchannel heat sink. The investigation is to be 
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started by conducting a numerical study on the HCPV-MLM to examine the heat 
sink performance under the heat load generated by the HCPV system. This will 
include a geometrical study of the channel size. After that, an experimental setup 
of the MLM heat sink is to be constructed and to be tested under a non-uniform 
heat source of a maximum power rate of 30W/cm². Then the MLM heat sink is to 
be attached to the constructed HCPV. The full system is then tested 
experimentally inside the lab under the solar simulator. The importance of this 
test is to compare the effect of different parameters such as the homogeniser 
material type, number of layers and HTF flow rate under a constant solar 
irradiance. Finally, the HCPV-MLM module to be tested in the outdoor conditions 
at the university location in the UK for several days to investigate its real 
performance. In the outdoor experiments, only a specific number of layer heat 
sink and HTF flow rates are selected.   
 
Figure 3. Flowchart of the HCPV-MLM investigations. 
The second part of the study is the PCM storage system investigations and 
conducted as per the chart shown in Figure 4. At the beginning, a cylindrical PCM 
storage system is modelled using COMSOL. The model is then validated using 
an experimental result published in the literature. The validated model is then to 
be used to conduct a geometrical parametric study. Based on the study 
outcomes, the PCM storage to be constructed for the experimental investigation. 
The setup is to investigate the different operation working conditions such as the 
HTF flow rate and inlet temperature and under different inclination positions. 
Then, a three PCM storage containers are connected in a series arrangement to 
investigate the multi-stages PCM storage technique. Various parameters are to 
HCPV-MLM 
modelling
•Build a single 
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module model.
•Examine the 
system 
performance.
Experimental of 
MLM with non-
uniform heat sink 
and model 
validation•Exper mental work 
of MLM using non-
uniform heat 
source.
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heat sink 
performance 
under extreme 
heating source as 
of 30W/cm².
HCPV-MLM 
indoor 
experiments
•Build a 
prototype of 
Comparison of 
the results 
simulation vs. 
experiment.
HCPV-MLM 
outdoor 
experiments
•Test the HCPV-
MLM module in 
outdoor UK 
conditions.
•To evaluate the 
electrical and 
thermal energy 
output in real 
time conditions.
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be studied in this arrangement such as PCM material arrangements and the 
working conditions.  
 
Figure 4. Flowchart of the PCM storage investigations. 
The last part of the research is to study the performance of the integration of both 
systems as per the chart shown in Figure 5. The importance of this part is that 
the expected thermal energy generated by the HCPV-MLM varies throughout the 
day and throughout the year. Due to the experimental outdoor testing 
complication in terms of the requirements of special instruments, it is decided that 
the integration is to be done using the numerical approach. Therefore, the HTF 
outlet temperature from the HCPV-MLM system is to be considered to charge the 
multi-stage PCM storage. Different PCM arrangements are to be considered. 
 
Figure 5. Flowchart of the integrated HCPV-MLM with PCM investigations. 
1.4.1 Numerical investigations  
CFD modelling has been used to simulate numerically the heat and mass transfer 
processes taking place as per the methodology explained in the previous section. 
The study has involved modelling the HCPV-MLM using the three-dimensional 
CFD models and the PCM storage is to be modelled using the 2D axisymmetric 
approximation for saving the time and effort. The modelling and simulation have 
been conducted using COMOL multi-physics and validated using the 
experimental data. 
PCM storage modelling
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the literature 
experimental data.
•Conduct a parametric 
study on the 
validated model.
Experimental  
investigation on using 
single PCM storage
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works.
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investigation on using 
Multi-stage PCM storage
•Use the multi-CPV 
modelling results to 
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TES in order to 
accommodate the 
changes.
Numerical investigation on the 
multi-stage PCM storage
•Integrate the CPV model 
with TES model.
•Full system analysis: 
electrical and thermal.
•Obtain the overall 
performance of the system.
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1.4.2 Experimental investigations 
As stated above, different experimental work has been conducted throughout the 
research parts. Therefore, two main experimental setups are to be used; the 
HCPV-MLM and the PCM storage system. The HCPV-MLM setup is to test the 
MLM heat sink under non-uniform heat source, to investigate of the MLM heat 
sink in the HCPV applications in the indoor and the outdoor conditions. The PCM 
experimental setup is to investigate the heat transfer in different working 
conditions and the investigations will include the multi-stage PCM storage 
technique as a thermal conductivity enhancement technique. 
1.5  Contribution to the field 
In this work, several techniques and parameters have been investigated which 
are greatly contribute to the HCPV and the PCM storage fields and their 
applications in the real world. As stated above, the main aim of this work is to rise 
the overall efficiency of the HCPV system. This can be achieved by rising the 
solar cell efficiency, reducing its working temperature and utilizing the discharged 
thermal energy in useful applications. 
Despite its various advantages over the conventional techniques, it has been 
found that the MLM heat sink has not been yet investigated in the application of 
the thermal regulation of the HCPV. Therefore, this work is considered as the first 
work conducted on applying the MLM heat sink in the HCPV using the numerical 
and experimental approaches. The numerical study offers a strong platform to 
the researchers in the future into the two systems of HCPV and the MLM heat 
sink in which several conclusions can be obtained especially in terms of high or 
ultra-high ratios. The indoor and outdoor experimental work of the HCPV-MLM 
provides further evidence for the ability of the MLM heat sink technique to extract 
the heat generated by the solar cell under the studied high concentration ratio. 
Also, this work can be considered as a contribution to the research of applying 
the HCPV-MLM system specifically in the south-west region in the UK. 
The second part of the research is the PCM thermal storage system. Several 
investigations in this study can be considered as contributions in the field of the 
PCM storage. The investigation of the effect of the inclination of the cylindrical 
PCM storage can be a strong contribution to the field due to the low number of 
conducted studies. The investigation of this study is to be conducted using both 
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the experimental and numerical approaches. Multi-storage PCM storage 
technique has been found as another field for investigation due to the lack of the 
number of studies. Therefore, this multi-stage PCM storage investigations are to 
be conducted experimentally and numerically using different PCM arrangements 
and working conditions. The integration of the HCVP-MLM with the multi-storage 
PCM storage is a further contribution that the researchers could be referred to 
due to the speciality of the heat profile obtained from the HCPV-MLM system to 
the multi-storage PCM system. 
1.6  Thesis structure 
Chapter 1, Introduction: This chapter highlights the scope of the research, aims 
and research objectives and methodology. It also highlights the contribution to 
the field and the thesis structure. 
Chapter 2, Background and literature review: This chapter presents the results 
of the comprehensive review of the most significant studies which are relevant to 
the current research topics; CPV receiver, CPV cooling techniques and PCM 
thermal storage. The review focuses on the techniques applied to regulate the 
solar cell temperature such as fins, heat pipe, PCMs, microchannel and jet 
impingement. A more detailed comprehensive review is given for the MLM 
technique as it a key topic of the main topics in this research. The review also 
focuses on the PCM thermal storage techniques which include the thermal 
storage arrangements, heat transfer in PCMs, classification of the PCM and the 
thermal conductivity enhancement techniques. The last part of the chapter 
describes the published results and discussions on the CPV-TES integration to 
increase the overall system efficiency.   
Chapter 3, Materials and methods: In this chapter the components and 
instruments used in the experimental part are presented describing their 
specifications and working limits. The software packages used in the modelling 
work are also presented. In the other section of the chapter, the analysis of 
various ranges of PCMs is presented in order to use these data for the numerical 
analysis in the later chapters. In the last section, error and uncertainty is analysed 
for the necessary sections of the research.  
Chapter 4, Thermal management of HCPV receivers using a multi-layered 
microchannel heat sink: design, fabrication and experimental 
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characterization: In this chapter the extensive study of applying the MLM heat 
sink in the HCPV is presented. This includes the heat transfer correlations and 
the numerical analysis. Following this, the experimental work is presented which 
includes the microchannel fabrication, MLM test section, HCPV module and the 
experimental setup for both the indoor and outdoor tests. The last section of the 
chapter presents the results obtained from the experiments and their discussions.  
Chapter 5, PCM thermal storage: design, fabrication and experimental 
characterization: This chapter presents both the numerical and experimental 
investigations of the PCM storage. A parametric study is conducted numerically 
using the validated model to be used for the design stage for the experimental 
setup. After that, the description of the experimental setup arrangement for the 
single and multi-stages experiments is presented. Then, the results are 
presented for the single PCM storage experiment for the effect of the HTF flow 
rate, inlet temperature and its orientation. Finally, the results for the multi-storage 
technique are presented. 
Chapter 6, HCPV-MLM and PCM storage integration: This chapter discusses 
the integration study of the HCPV-MLM and the PCM storage using the numerical 
approach. The thermal energy generated from the outdoor experiments by the 
HCPV-MLM is considered during the simulation of the multi-stage PCM storage. 
Different types of PCM arrangement are considered. The model is used to 
analyse the heat transfer in the storage under a dynamic charging process. 
Chapter 7, Conclusion and future recommendations: This chapter highlights 
the major findings and presents the main conclusion from the conducted study 
for each system of HCPV-MLM, PCM thermal storage and the integration 
between the systems. Finally, the chapter presents the author’s views and 
recommendations for future investigations. 
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Chapter 2 : Background and literature review 
This chapter presents a literature review of CPV thermal regulation techniques 
as well as the thermal energy storage (TES) using phase change materials 
(PCMs). At the beginning, the chapter discusses the importance of the thermal 
regulation of CPV on the performance of the solar cell and then the outcomes of 
previous studies on different cooling techniques; passive and active. Finally, it 
discusses the previous studies on the PCM storage and the techniques to 
enhance its thermal conductivity. 
2.1 CPV receivers 
Photovoltaic technology is divided in two categories based on the solar 
concentration: non-concentrated and concentrated. The non-concentrated PV is 
the conventional type PV which is used widely. The concentrating photovoltaic 
(CPV) technology uses lenses or mirrors to concentrate the solar irradiance on 
to the solar cells. Zahedi [14] has listed the advantages and disadvantages of 
concentrating PV.  The advantages of the CPV system is increasing the light 
received on the solar cell surface [15] and very suitable for sunny regions [16]. It 
replaces the expensive cell materials with low-cost materials such as glass, mirror 
and plastic. In addition, the CPV offers a compact size, requires less space and 
reduces the land utilization compared to the conventional flat PV [17,18].  
The concentration is achieved using two different of optic techniques: reflection 
and transmission [19]. The schematic of both techniques is shown in figure 6. The 
reflection optic consists of primary and secondary mirror to reflect the solar rays 
into the optical rod and then to the solar cell. The transmittance optic uses Fresnel 
lens to concentrate the sun rays to the optical rod and then to the solar cell.  
 
Figure 6. Typical structure of CPV optic types, adopted from [19]. 
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The CPV system is classified according to the amount of solar concentration ratio 
(CR) and one concentration ratio is represented by 1x [20].  For, low 
concentration photovoltaic (LCPV), concentration ratio is less than 3x and uses 
low cost, less efficient silicon solar cell and not require active tracking 
mechanisms and simple thermal regulation solution. For medium concentration 
photovoltaic (MCPV), concentration ratio is between 3x and 100x and often 
require an attention for heat sinks and solar tracking systems. For high 
concentration photovoltaic (HCPV), concentration ratio is more than 100×. Proper 
optical and thermal management systems are basic requirements to maximize 
the HCPV system efficiency [16]. Also, the HCPV requires an accurate sun 
tracking system which is considered as a disadvantage of the CPV according to 
some studies. An efficient thermal solution is very important due to the high rate 
of the generated heat [14].  
Because of HCPV systems mirrors and lenses are used to concentrate the direct 
sunlight hundreds of times, using high efficiency PV cells is very essential. 
Nowadays, a CPV module is composed of two different kinds of solar cells: high 
efficiency silicon and multi-junction photovoltaic cells [6]. At present, the 
maximum concentrator cell and module efficiencies at 25°C for 3 and 4 multi-
junction are 44.4% and 46% respectively [9]. The effect of the concentration ratio 
to the cell efficiency for two types of solar cells is presented by Pérez-Higueras 
et al. [6] as shown in Figure 7. A significant increase of the MJ solar cell efficiency 
is noticed as the concentration ratio increases from 1x to 100x by 10%. On the 
other hand, a slight increase in the silicon solar cell efficiency is noticed when the 
concentration ratio increases from 1x to 100x. 
The solar cell under concentration suffers from a series of losses based on 
concentrator geometry errors, optical materials losses, reflection losses and 
tracking losses [21]. These losses cause non-uniform illumination across the 
solar cell and increase the generated heat. Researches show that the solar cell 
temperature could reach 1400°C under 500x concentration ratio when it is 
installed properly [2]. The increase of solar cell temperature more than the 
manufacturer specified temperature will result in a decrease of its efficiency. The 
studies show that the temperature effect on the solar cell efficiency depends on 
its type for instance the output power declines of an order of -0.65%/ºC, -0.4%/ºC 
and -0.248%/ºC for crystalline PV cells, thin-film cell and triple-junction solar cells 
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respectively [22]. In addition, it can cause long-term degradation if it exceeds the 
temperature maximum limit [3]. The non-uniform solar cell temperature can 
decrease its electrical efficiency [4]. Therefore, solar cell temperature regulation 
should be considered in any CPV system design by removing the generated heat 
efficiently [5]. It has been found that CPV single solar cells can be cooled using 
passive techniques of less than 1.7K/W heat sink thermal resistance but in 
extreme outdoor conditions lower thermal resistance is needed (1.4 K/W) [6]. 
 
Figure 7. Cell efficinecy versus concentration ratios, adopted from [6]. 
2.2 CPV thermal challenges 
As stated earlier, CPV thermal regulation is one of the prevailing challenges on 
the CPV because of its direct effect on reducing the solar cell efficiency. The 
efficiency of the solar cell decreases as its temperature increases due to its effect 
on the open circuit voltage and the short circuit current. The current-voltage 
parameter temperature coefficients (dJsc/dT) is considered as valuable parameter 
in establishing the solar cell performance versus temperature [23]. Radziemska 
and Klugmann [24] have investigated the effect of the thermal parameters on the 
current-voltage characteristics in silicon solar cell. Due to the illumination, the 
solar cell temperature increased from 22°C to 70°C. The study showed a small 
increase of the short circuit current and a significant reduction of the open circuit 
voltage and electric power from the photovoltaic cells due to the temperature 
increase. Whereas their experimental investigations on several silicon cells, 
showed that the product of the short circuit current and the open circuit voltage 
degrades by 0.8%/K and the output power by 0.65%/K. The same authors [25] 
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have investigated the effect of temperature on the power drop in crystalline silicon 
solar cells where the fill factor was decreased by a rate of -0.2%/K. Feteha and 
Eldallal [26] has reported that the I-V characteristics and spectral response of the 
multi-junction solar cell under different temperature values and light intensities. 
They found that the open-circuit voltage decreases with the temperature increase 
at rate of 5.5mV/°C. Pérez-Higueras et al. [6] have reported the dependency 
equation of the solar cell efficiency on the cell temperature (𝑇𝑐) as: 
ηcell = ηref − 𝛽(𝑇𝑐 − 𝑇𝑟𝑒𝑓)     2. 1 
Where ηref is the cell efficiency at the reference temperature (𝑇𝑟𝑒𝑓) and 𝛽 is the 
temperature coefficient of the efficiency. 
 Luque et al.[27] have highlighted the effect of non-uniform illumination in a CPV 
cell on the electrical performance by measuring the thermal resistance of the 
electric insulator by supplying a current to the module and measuring the 
temperature drop between both faces of the module. However, the study reduced 
the consequences of the illumination inhomogeneity as the strong internal drop 
switch off the poor parts of the solar cell and leaving the outstanding part of the 
solar cell. The efficiency reduction was much less of have been expected. There 
are reports highlighting the effect of illumination intensity and non-uniform 
illumination of the solar cells [28–36]. 
The outdoor conditions such as the temperature and wind speed have an impact 
on the thermal behaviour of the solar cell and thus on its performance. Almonacid 
et al. [37] have investigated about the relation between the cell temperature of a 
HCPV module and atmospheric parameters by developing a model for estimating 
the cell temperature from one year measurements. This model can be used to 
estimate the cell temperature of a HCPV module with a root mean square error 
of 7.4%. However, Fernández et al. [38] have compared the different methods on 
calculation of the cell temperature based on artificial neural networks (ANN) and 
found that methods based on direct measurements of an HCPV module provide 
better results than methods based on atmospheric parameters.  
2.3 CPV thermal opportunities 
Despite its disadvantage on the solar cell efficiency, the heat generated by the 
solar cell could offer opportunity on increasing the overall system efficiency by 
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combining the electrical and thermal technologies. This technology is called the 
PV/T for the photovoltaic thermal system or the CPVT for the concentrated 
photovoltaic thermal system. The extracted heat could be in the form of hot air, 
hot water, two phase refrigerant  or a heat to be used to generate electricity form 
the thermoelectric devices [39]. A lot of research works have been carried out to 
study the performance of various PV and thermal configurations  
The concentrated photovoltaic thermal system (CPVT) is a combination of 
photovoltaic and the solar thermal technology. This technology has appeared 
since late 1970s and early 1980s [40–43].  Since then, the CPV/T systems have 
been designed, build and tested both theoretically and experimentally [44]. The 
studies showed a very good potential of the system in the market energy sector. 
The total system efficiency can reach 65%  where the outlet fluid temperature can 
reach up to 196oC [45]. 
This approach has yield to use the produced thermal energy produced into other 
applications like domestic cooling. Borgren and Karlsson [46] have investigated 
the CPV with active cooling by designing and evaluating of low concentrating 
water cooled photovoltaic system with fixed parabolic reflector. It was found that 
the annual electricity produced by this design is about two times higher than in 
conventional setup. Stefan Krauter [47] has proposed another way of active 
cooling by passing a thin film of water in the front of the PV module. The overall 
cell temperature decreased by 22oC as shown in Figure 8. In addition, the 
electrical energy production increased by 10.3 %. Also, it is clearly shown from 
the figure that the efficiency of both systems is same when the temperature of 
the cell is less than 24oC. In a recent study, Bahaidarah et al. [48] have 
investigated the performance of a PV module cooled using water cooling. The 
module temperature decreased by 20% leading to increase the PV efficiency by 
9%. 
In order to eliminate the circulating pump for the active cooling system and 
therefore increasing the overall system efficiency, Earle Wilson [49] has proposed 
a novel design by utilizing the gravity to feed cooling water flow at the back of the 
PV module. The temperature was reduced from 62oC to 32oC which increased 
the system efficiency. 
17 
 
  
(a) (b) 
Figure 8. Comparision between different PV modules (a) cell temperature and 
(b) power output, adopted from [47]. 
Zimmermann et al. [50] have investigated a hybrid system of CPV and thermal 
receiver. Water was circulated in heat sink attached to HCPV system. It was 
found that the overall system efficiency improved from 15% to 60% and the hot 
water led to 55% rise in the efficiency of the receiver. Li et al. [51] have studied 
the performance of solar cell arrays with water circulation thermal system using 
concentration ratios of 4.23x and 8.46x for crystalline silicon single cell or array, 
respectively. Zondag et al. [52] have numerically and experimentally investigated 
the combined photovoltaic-thermal system for a domestic hot water system. The 
results showed a reduction on the temperature and an increase of the thermal 
efficiency of the uncovered collector of 52%. Kandilli [44] has presented a novel 
CPV/T system using numerical and experimental approach by combining the 
CPV with vacuum tube. The results show an overall efficiency of 7.3% and the 
energy production cost was 6.37$/W. 
Forced air circulation is one way of CPV thermal regulation. Fans are used to 
blow air in a specific channel in order to reduce the cell temperature. This type of 
approach has been studied by Tonui et al. [53]. The efficiency of PV has been 
improved from 16% for natural convection to 25% for forced convection. Janjai 
and Tung [54] have investigated the performance of solar collectors in the 
application of drying herb using the hot air. The average daily efficiency of the 
system was 35%. Amori and Al-Najjar [55] have analysed the PV/T system based 
on air solar collector. The proposed system was to use air to reduce the solar 
cells by circulating air through a duct at the back of the panel. They found that 
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the efficiency was higher in the winter than in the summer where the thermal 
efficiency reached to 22.8% and its electrical efficiency was 9%. This is due to 
the drop of the average cell temperature in winter compared to summer of 32°C 
and 80°C, respectively.  
The CPV systems have used effectively in the air conditioning and refrigeration. 
Mittelman et al. [56] have investigated the CPV/T system so that the thermal 
energy can drive process such as absorption cooling cycle. The authors showed 
that the temperature extracted from the CPV system is enough to be used for 
several thermal applications (the outlet temperatures vary in the range between 
65 and 120°C). Al-Alili et al. [57] have investigated a novel thermal application of 
the CPV system in the air conditioning. They found that the average cooling 
coefficient of performance for the solar absorption cycle of 0.68. Zhao et al. [58] 
have investigated theoretically the performance of PVT for heat pump operation 
under typical Nottingham (UK) climatic conditions. It was found that the system 
would achieve 55% of thermal efficiency and 19% of the electrical efficiency.  
Thermoelectric is a device that generates electricity using heat effect. Many 
studies investigated about attaching the thermoelectric to a CPV system [59–63]. 
Ju et al. [62] have investigated numerically the CPV-thermoelectric hybrid 
system. They found that the hybrid system has a good electrical performance for 
a CPV system with solar concentration ratio ranged between 550x and 770x. Li 
et al. [62] have conducted a study for the integrated system of PV and 
thermoelectric found that 30% improvement could be achieved on this system. A 
feasibility study on PV-thermoelectric hybrid has been conducted by van Sark 
[62]. The study found that employing thermoelectric may lead to an efficiency 
enhancement of up to 23% for the integrated PV-TE modules.  
The CPV system is usually thermally regulated using two approaches such as 
passive and active. The passive approach usually uses the natural convection 
phenomena and requires no mechanical equipment to circulate the air. It could 
be very simple such as using a simple flat plate or more complicated air-cooled 
micro-channel fins [1] and using the phase change materials [3]. The active 
cooling approach uses mechanical equipment such as fans and pumps to 
circulate the coolant fluid. 
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2.4 CPV passive cooling techniques 
As stated earlier that the CPV passive cooling method does not require any 
mechanical or electrical means and it depends on the three basic heat transfer 
mechanisms: convection, conduction and irradiance. Passive cooling is very 
effective technique and able to efficiently handle the heat generated in the solar 
cell under concentrated irradiance. Royne et al. [64] stated that passive cooling 
is a feasible solution for the following cases: single cell geometries for 
concentration values of at least 1000x and linear concentrators less than 20x 
concentration ratio. Passive cooling uses a lot of techniques and methods in order 
to regulate the cell temperature to the desired range. These methods could be 
very simple such as using simple flat heat sinks to more complicated ones such 
as the fins, heat pipes or using the phase change materials. Here are some of 
passive cooling techniques for CPV found in the literature:  
2.3.1 Heat spreading 
Heat spreading is considered as the simplest method to dissipate heat from CPV 
systems. In order to illustrate the effect of a very simple heat sink at the backside 
of the solar cell, Araki et al. [65] have developed high concentration photovoltaic 
single solar cell module with its simple passive cooling structure. The module 
consisted of a base plate and cell assembly. Epoxy film has been used in order 
to reduce the contract thermal resistance and high electrical insulation.  The 
outdoor experiment showed that using simple cooling arrangement rises the cell 
temperature only 18oC over the ambient temperature.    
Hong et al. [66] have performed a degradation analysis of concentrator solar 
receivers using triple junction solar cells under high concentration ratio . The 
cooling device for the experimental work was a simple aluminium plate and with 
a printed bonded ceramic substrate as shown in Figure 9 . The concentration 
ratio for the experiment was 476x using a Fresnel lens system. This analysis was 
conducted using step stress accelerated degradation test (SSADT) applied to the 
solar cell. The setting temperatures of heat treatments were 90°C, 110°C, 130°C 
and 150oC. It was concluded that there will be a slight cell degradation after cell 
heat treatment temperature which decrease its efficiency and filing factor. This 
work showed clearly that high concentration receiver can sustain the high 
temperature using a simple heat sink.  
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Cooper et al. [67] have reported the design and performance of  a novel high 
concentration photovoltaic (HCPV) collector of 600 concentration ratio. In order 
to utilize the high concentration ratio, high efficiency triple-junction cells have 
been used. The concentration has been performed using 2-axis tracker, parabolic 
trough concentrator as primary and a novel secondary concentrator. The receiver 
consisted of 53 multi-junction solar cells with active area 1 cm2.  In this system, 
thermal energy was passively transferred to the ambient and the system achieved 
25% efficiency.  
 
Figure 9. CPV receiver as suggested by Hong et al. [66]. 
Min et al. [68] have investigated experimentally the effect of metal plates as heat 
sinks for cooling the CPV system for a 400x base on energy conservation 
principles. The solar cells were triple-junction of 3x3 mm² and the area of the heat 
sink was 700 times larger than the solar cell area and the solar cell temperature 
was about 37°C. This study shows the importance of the heat spreading 
phenomena in reducing the solar cell temperature and the heat sink area needs 
to increase as the unction of the concentration ratio for a constant solar cell 
temperature. 
2.3.2 Cooling fins 
Cooling fins is another passive cooling technique for CPV thermal regulation. In 
this technique, fins are attached at the back of the module to enhance the natural 
convection effect. Natarajan et al. [69] have numerically investigated the solar 
cell temperature with and without the cooling fins for 10x. The investigated fins 
size is of 20mm width and 60mm height. The maximum solar cell temperature 
reached was 68.2°C without with fins and it reached to 55.1°C and 49.2°C for 2 
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and 6 fins, respectively. Despite its high efficiency, cooling through the fins 
introduces high weight to the system which can be an issue in the tracked system.  
In order to study the temperature-dependent model for CPV, Sheng et al. [70] 
have used their model to assess the temperature dependency using the optical 
and multi-junction solar cell elements under high concentration. The module was 
of concentration ratio of 576x and consists of Fresnel lenses and parabolic dishes 
as primary optical element, secondary optical element. The CPV was attached to 
a finned heat sink. The solar cell temperature was able to be maintain in less than 
380K. 
Micheli et al. [20,71–78] have conducted an extensive studies on using the micro-
finned heat sink in CPV application. The studies used both the numerical and 
experimental approach on studying the geometry, orientation and thermal 
performance of natural convective micro-finned heat sinks. In addition, the 
performance of pin micro-fins and plate micro-fins was compared. 
2.3.3 Heat pipe 
The concept of the heat pipe was founded by R.S.Gaugler in 1942. A schematic 
diagram of the heat pipe is shown in Figure 10. Heat pipe is a simple device 
transfer the heat from heat source to other medium like fins. It is considered as 
passive cooling technique for the CPV cooling. The heat pipes use heat transfer 
phenomena to transfer the heat and do not require any power input [79]. It 
removes the generated heat by the solar cells and reject it to the ambient using 
the natural convection phenomena. The working fluid inside the heat pipe near to 
the heat source absorbs the heat and evaporates to gas. The evaporated fluid 
moves naturally to the fins where it condenses to liquid and goes back to its initial 
position.  
 
Figure 10. Typical heat pipe working principle, adopted from [79]. 
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Heat pipes technique has been explored by Anderson et al. [80] on a high solar 
concentration for a single cell. The heat pipe was made from copper and water 
was used as the working fluid due to its high heat capacity. In order to increase 
the heat removal rate, aluminium fins were attached to the heat pipe. The 
prototype was tested under 400x in two orientations corresponding to the morning 
and afternoon irradiance difference. The results showed that the temperature 
difference between solar cell and the ambient was significantly reduced without 
and with the heat pipe by 210oC to 40oC, respectively. In addition, the orientation 
had a slight effect on the temperature difference.  
Cheknane et al. [81] have used heat pipe technique to reduce the solar cell 
temperature and hence enhancing the performance of the solar cell where the 
silicon solar cell with a concentration ratio of 500x was used. The heat pipe was 
made from copper and two types of working fluids were used for comparison: 
water and acetone. The selections of working fluid depend on the working 
temperature. It was found that fill factor decreases as the optical concentration 
increases and for a slight change was noticed for both working fluids. Akbarzadeh 
and T. Wadowski [82] have investigated using heat pip cooling  system for CPV. 
The system was designed for a 20x. This cooling system was able to reduce the 
cell’s surface temperature to 46°C and increase the electrical efficiency of about 
10%. 
2.3.4 Phase change materials (PCM) 
A phase change material (PCM) is a substance with a high latent heat. PCM melts 
and solidifies at a certain temperature range, is capable of storing and releasing 
large amounts of energy. PCM has many applications such as latent heat storage 
materials and thermal regulation of electronics, photovoltaic.  
Thermal regulation of CPV using phase change material (PCM) is considered as 
a promising cooling technique due to the attractive features of PCM such as high 
storage density, ability to withstand a large number of cycles and isothermal 
nature at relatively constant melting temperature [83–86]. It was first proposed 
for avionics thermal control in 1977 [87] and since then a lots of studies have 
investigated the PCM based heat sink [88–96]. The main drawback of the PCM 
is its low conductivity. Due to the low conductivity, it needs various enhancement 
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techniques such as using extended surfaces of different configurations [97–100], 
employing multiple PCMs [101] and PCM encapsulation [102].  
Many factors affect the performance of PCM based heat sink for CPV applications 
such as the container orientation [103–106], quantity of PCM [107,108], heating 
rate and PCM melting temperature. Kandasamy et al. [109,110]  have reported 
numerical and experimental investigation of cooling of electronics using PCM. 
The studies conducted a comparison of heat sinks with and without PCM and 
examined the effect of heating power level of a horizontal uniform heat source 
ranging from 2 to 6W. It was showed that a PCM heat sink has a major effect in 
improving the cooling performance compared to a non-PCM heat sink. Also, it 
was found that a lower heating power level causes a longer PCM melting time 
and a lower system maximum temperature. Fok et al. [111] have concluded that 
using a PCM in a heat sink has two advantages compared to a non-PCM heat 
sink such as (i) the PCM heat sink maintains the solar cells at a lower temperature 
compared to a non-PCM heat sink and (ii) the rate of temperature rise of PCM’s 
heat sink is lower compared to a non-PCM heat sink during the absorption of 
latent heat.  
The selection of the PCM in terms of melting temperature is a key factor in 
designing an efficient PCM heat sink. Fan et al. [112] have investigated the 
importance of selection of the PCM melting temperature in a horizontal heat sink 
arrangement with a heating source ranged between 60W to 120W. The used 
PCMs were eircosane and hexadecanol. The study showed that longer thermal 
regulation period is achieved when using a higher melting temperature of PCM. 
However, the lower PCM melting temperature performs better in terms of 
reducing the maximum temperature in a short period. Mahmoud et al. [113] have 
studied the PCM based heat sink for a heating rate ranging from 3W to 5W for 
six types of paraffin wax for a horizontal heat sink. The results showed that the 
maximum operating temperature was reduced by 10ºC when the PCM melting 
temperature reduced from 42 ºC to 29 ºC. Huang et al. [114] have studied the 
effect of PCM melting temperature in thermal regulation of PV for a constant 
insolation of 750W/m2. The results indicated that using PCM of melting 
temperature of 25ºC is better in reducing the temperature by 15ºC by the end of 
operating period (150min). Wang et al. [115] have conducted a parametric study 
of the PCM heat sink, examining the effect of temperature difference between the 
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heat source and the melting point of the PCMs on the heat sink performance. The 
results showed that the greater the temperature difference between the heat 
source and the PCM’s melting temperature, the higher the melting speed. 
Also, the amount of PCM used in the heat sink plays an important role in the heat 
sink size, weight and cost. This is because more PCM means larger, heavier and 
more expensive heat sink. Arshad et al. [116] have studied experimentally the 
effect of the PCM fraction in a horizontal PCM heat sink arrangement. The results 
showed that the fully filled heat sink with PCM performs better than heat sink filled 
with only by a melting fraction of 0.33 and 0.66. Saha et al. [117] have also 
examined experimentally and numerically the effect of PCM fraction for similar 
type of PCM heat sink with heating rate ranging between 4W and 8W. The study 
found that the heat sink performance was better when using a PCM fraction of 
88% compared to full PCM heat sink.    
Using two PCMs in the heat sink is considered as a thermal conductivity 
enhancement technique as highlighted earlier and very few works investigated 
this approach for electronics heat sink applications. Emam and Ahmed [118] have 
studied numerically the effect of using three PCMs series cavities heat sink in 
CPV applications of 20 concentration ratio system. The selected PCMs melting 
temperature range is between 22.5ºC to 29.8ºC. The results showed that 
medium-low-high PCM melting temperature arrangement is the best in terms of 
reducing the solar cell maximum temperature (average temperature of 106ºC) for 
an operating time of 120 minutes. In a similar study of using multiple PCMs heat 
sink in application of thermal regulation of solar cell, Huang [101] has explored 
numerically two types of arrangements of two PCMs of triangular cells and semi-
circular cells under actual operating conditions. The PCM melting temperature is 
ranging between 27ºC to 60ºC. The author concluded that higher-lower PCM 
melting temperature order achieves the highest temperature drop during the daily 
operation [119]. 
2.5 CPV active cooling techniques 
The active cooling approach usually uses a mechanical equipment such as pump 
or fan to remove the generated heat in the PV system. The heat removal using 
this approach is very efficient in reducing the solar cell temperature which can 
lead to improve the efficiency of the PV module. However, the operation and 
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maintenance costs of the system are sometimes much greater than the improved 
efficiency. The utilization of the removed heat for a domestic heating application 
might lead to a feasible advantages of the system [85]. Active cooling is more 
feasible to use in linear concentrator for a concentration ratio above 20x 
concentration, single cell for concentration more than 1000x concentration [64]. 
Here, some active cooling techniques are as listed below: 
2.5.1 Microchannel 
Microchannel heat sinks using fluid such as water are considered as the most 
common and promised in CPV cooling techniques [120]. An extensive study 
conducted by Philips [121] on the microchannel heat sinks applications. He 
demonstrated that microchannel heat sinks have a low thermal resistance as 
0.072°C/(W/cm²) which allows to dissipate heat loads of 1000W/cm². The 
proposed microchannel heat sinks can be fabricated using acid etching method.   
Aldossary et al. [122] have examined the active cooling on 1cm² solar cell under 
high concentration ratio (500x) using a rectangular cooling channel with 10mm 
height. The solar cell maximum surface temperature was maintained at 60°C for 
0.01 m/s water velocity with heat transfer coefficient of 1645 W/ (m²K). Reddy et 
al. [123] have carried out a numerical analysis of a microchannel heat sink for a 
1.5 kWe HCPV receiver.  It was found that only 0.2% of the produced power by 
the CPV module is needed for pumping water. Tuckerman and Pease [124] have 
investigated a high-performance microchannel heat sink to dissipate heat of 
density of 790W/cm². The proposed heated area was approximately of 1cmx1cm 
and the channel width of 50µm. The maximum substrate temperature was found 
of 71°C above the input water temperature. 
Wang and Ding [125] have proposed a novel microchannel heat sink for a uniform 
constant heat flux of 10.4W/cm². The proposed heat sink was using transverse 
channels and a larger heat transfer area was created to develop a high local heat 
transfer efficiency for the microchannel heat sink. The maximum heat source 
temperature was maintained under 85°C which is less than the allowable 
temperature for electronics. In another study, Knight et al. [126] have optimized 
the microchannel heat sinks for both laminar and turbulent flow using the 
governing equations for fluid dynamics and heat transfer. The new designed heat 
sink has an improvement ranged from 10 to 35%. Mittelman et al. [127] have 
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studied numerically and experimentally the effect of orientation of microchannel 
heat sinks on convection. The study concluded that higher heat transfer 
coefficient is found for larger fin spacing and fin height has less effect.  
2.5.2 Jet impingement 
Jet impingement heat sinks are considered relatively new technique and attract 
the attention due to its high heat transfer rates. Jet impinges of the fluid on a 
surface, it creates very thin hydrodynamics and thermal boundary layers resulting 
increase in pressure and hence an extreme high heat transfer coefficients [128]. 
Barrau  et al. [129–131] have designed a hybrid jet impingement/microchannel 
cooling system for a densely packed CPV module. Low thermal resistance (up to 
6.2x10-5 K/W) and a uniform temperature across the receiver were achieved. 
2.5.3 Liquid immersion 
Liquid immersion is another technique for CPV thermal regulation and many 
studies have been performed to investigate its performance on cooling the CPV 
[132–135]. This technique uses a dielectric liquid to remove the heat from the 
CPV system. Wang et al. [136] have investigated the performance of silicon solar 
cell immersed into liquid for the enhanced heat removing.  The used liquids were 
ethanol, non-polar silicon oil and tap water and the performance was compared 
with air. They found that the open circuit voltage was improved by 1.0% when 
using tap water. However, the short circuit current was improved by 1.47% when 
using the silicon oil.  Han et al. [137] have investigated experimentally and 
numerically the electrical and thermal performance of silicon solar cells immersed 
in dielectric liquids. The liquids used in this study were De-ionized water, 
isopropyl alcohol, ethyl acetate, and dimethyl silicon oil. The study confirmed that 
silicon oil performed the best optical effect by 7.3% whereas the best electrical 
effect was achieved when using isopropyl alcohol by 8.0%. De-ionized water 
achieved the lowest average temperature compared to other liquids. Liu et al. 
[138] have studied the heat dissipation using the liquid immersion technique 
under irradiance conditions of 50 and 70Kw/m² using silicon oil. In this study, the 
solar cell temperature was maintained to 30°C corresponding to heat transfer 
coefficient to 1000 W/ (m². °C). 
Zhu et al. [139] have presented their experimental study on cooling HCPV system 
using water immersion of a concentration ratio of 250x. The experimental results 
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showed that the maximum temperature was 49°C and the temperature uniformity 
of less than 4°C within with the DNI above 900W/m². The overall heat transfer 
coefficient was about 6000 W/m².K.  
2.5.4 Multi-layered microchannel (MLM) technique 
A stacked micro channel heat sink technique is considered more efficient in terms 
of pumping power and heat removal capability among many other cooling 
techniques [140]. Vafai and Zhus [141] are the first who proposed the concept of 
multi-layered microchannel heat sink (MLM) in electronic cooling applications. 
They have studied numerically the performance of two layers for a counter flow 
and a uniform heat source and found interestingly that the pressure drop and 
temperature rise on the base surface have been reduced compared to the 
conventional one layered heat sink. In the later years, a lot of studies has been 
published investigating the multi-layered microchannel techniques of different 
channel shapes, materials, flow and fluids. The optimum number of layers has 
been investigated by Wei and Joshi [142] where the number of layers was varied 
between 1 and 6. The analysis showed a significant effect of the thermal 
resistance and pumping power by the number of layers and the optimum number 
of layers was found to be 3-layers. In addition, studies have proposed different 
materials of layers such as silicon [143–145], copper [146,147], aluminium [148], 
steel and diamond [140]. Also, the studies have investigated different fluid flow 
pattern of parallel flow [149–151], counter flow [152–155] and both flows 
comparison [156–158]. Different coolants have been tested for the MLM heat sink 
applications such as water [159], air [160,161] , nanofluids [162,163], deionized 
water and ethylene glycol [164]. The MLM heat sink investigations have also 
studied the shape of channel effect of different shapes such as rectangle [165–
167] , square [168,169], triangle [148] and wavy [170]. Table 1 summarizes the 
MLM heat sink studies and their important findings. 
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   Table 1. Comparative study of different MLM heat sink [171]. 
Ref. 
type of 
study 
Number 
of 
layers 
Type of 
coolant 
Flow 
directions 
Type of heat source 
Heat sink 
materials 
Shape of 
channel  
Channel size Objectives Important Findings 
[152] Modelling 1 & 2 Water 
Counter 
flow 
uniform (1.3x107 
W/m²) 
 Rectangular (h=100xW=100) µm 
• Optimisation of heat 
sinks design in the 
laminar and turbulent 
flow conditions. 
• For a single layer counter 
flow: Heat sink 
performance (heat transfer 
and hydrodynamic) in 
laminar flow can be similar 
of that in turbulent flow.  
• For a double layer counter 
flow: Heat sink 
performance in laminar 
flow is better than that of 
the turbulent. 
[142] Modelling 1-6 Water 
Parallel 
flow 
Uniform  Rectangular - 
• Optimum fins width, 
channel width and aspect 
ratio of two-layered 
micro-channel heat sink. 
• The optimum number of 
layers for lower thermal 
resistance and pumping 
power.  
• Thermal resistance is 
inversely proportional to 
the pumping power. 
• Thermal resistance depends 
on the channel length. The 
shorter length, the small 
thermal resistance. 
• In this study the optimum 
number of layers is 3. 
[153] Modelling 2 water 
Counter 
flow 
Uniform  Rectangular - 
• To determine the lowest 
thermal resistance by 
varying the height sink 
dimensions such as 
height and width of 
Double layer counter flow 
micro-channel heat sink 
has less thermal resistance 
compared to parallel and 
counter flow single layer 
micro-channel heat sink. 
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channels, height and 
width of fins. 
[168]  
Analytical, 
numerical 
experimental 
1-4 water 
Parallel 
flow 
Uniform 
Silicon 
carbide 
(SiC) 
Square 1150-500µm 
• A closed-form 
analytical, numerical and 
experimental analysis. 
• For same flow rate, the 
pressure drop decreases as 
the number of layers 
increased. 
[140] 
Numerical 
simulation 
1-5 water 
Parallel 
flow 
Uniform 
Steel, 
Silicon, 
copper and 
diamond 
Square 71µm 
• A comparison of multi-
layers heat sinks with 
single-layer using 
numerical simulation 
and thermal resistance 
network analysis. 
• For materials with low 
thermal conductivity, the 
thermal resistance increases 
with increase of layers. 
• The materials thermal 
conductivity is not 
important for low coolant 
flow rate. 
[159] 
Numerical 
simulation 
2 water 
Parallel 
flow 
Uniform - Square - 
• To determine the effect 
of the fluid flow on the 
overall heat transfer 
performance.   
• The performance of the heat 
sink is dependent on the 
flow characteristics in the 
channels. 
[160] 
Numerical 
simulation 
2 
Air and 
water 
Counter 
flow 
Uniform - Rectangular (h=100xW=30) µm 
• To investigate the effect 
of presence of passive 
microstructure in the 
channel 
• The increase of the height 
of passive microstructure 
compared to microchannel 
height leads to lower 
thermal resistance.  
[169] 
Modelling 
and 
experimental 
1-5 water 
Parallel 
flow 
Uniform Copper Square (h=508xW=508) µm 
• The comparison of 
performance of single 
and multiple layers of 
minichannel heat sink. 
• The increase of the 
minichannel layers leads to 
reduce the thermal 
resistance and pumping 
power.  
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[166] 
Modelling 
and 
experiment 
3 water - Uniform Silicon Rectangular (h=400xW=50) µm 
• To determine the effect 
of 
silicon/micro/nanopillars 
on multilayer water-
cooled heat sink. 
• The overall thermal 
resistance and heat 
dissipation rate of the heat 
sink are reduced with 
silicon pillars Compared 
tod to one without. 
[156] Modelling 1-2 water 
Parallel 
and 
counter 
flow 
Uniform Silicon Rectangular (h=100xW=30) µm 
• To investigate the effect 
of fluid flow on the heat 
sink performance. 
• Two-layered heat sink 
perform better in terms of 
the overall thermal 
resistance and temperature 
uniformity in the chip. 
• At low Re number, thermal 
resistance is lower in 
parallel flow. 
• Counter flow arrangement 
gives more temperature 
uniformity in the chip. 
[161] 
Modelling 
and 
experiment 
1-2 air 
Parallel 
flow 
Uniform Silicon Rectangular (100x400) µm 
• Investigation of non-
uniform allocation of 
micro-channel for more 
temperature uniformity 
and less pumping power. 
• The study was able to 
achieve 50% less pumping 
power with sufficient 
cooling. 
[150] Modelling 2 water 
Parallel 
flow 
Uniform Silicon Rectangular - 
• Analysis of the effect of 
individual geometric 
parameters in the 
performance of the heat 
sink and to find out its 
optimum parameters. 
• Optimal thermal resistance 
decreases with pumping 
power. 
• As the coolant pumping 
power increases, the 
optimal channel number, 
lower and upper aspect ratio 
increase and the optimal 
width ratio decreases.  
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[162] 
Numerical 
modelling 
2 
Nanofluid 
(Al2O3–
water) 
counter 
flow 
Uniform Silicon Rectangular - 
• Analysis of enhancement 
double-layered heat sink 
by using a nanofluid and 
geometric parameters 
variation. 
• Significant thermal 
performance improvement 
of heat sink when using the 
nanofluid compared to 
water. 
• The heat sink effectiveness 
declines significantly under 
high pumping power.  
[172] 
Numerical 
modelling 
2 
deionized 
water 
Parallel 
flow 
Uniform - Rectangular 
(h=1000xW=196) 
µm 
• Parameters optimization 
under high heat source of 
556W/cm2 
• The optimization achieved 
the satisfy requirement if 
chip of 98ºC temperature. 
[164] 
Numerical 
modelling 
2 
Glycerol 
Ethylene 
glycol 
Distilled 
water 
counter 
flow 
Uniform 
Steel  
Silicon 
Aluminium 
 Copper 
Rectangular - 
• The effect of substrate 
materials, coolants and 
geometric parameters on 
the performance of heat 
sink. 
• Heat sink heat transfer 
performance is enhanced 
by: 
• Coolant with high thermal 
conductivity and low 
dynamic viscosity  
• Substrate with higher 
thermal conductivity  
[170] Numerical 1 & 2 Water  uniform(100W/cm²)  
Rectangular 
and wavy 
(h=100xW=400) µm 
• Investigation of the 
effect of wavy on the 
heat sink performance 
• Double Wavy channel heat 
sink performed cooling 
performance and lower 
pressure drop than the 
single wavy channel heat 
sink.  
[146] Experiment 1-2 water 
counter 
flow 
- copper Rectangular (h=650xW=210) µm 
• Comparison of fluid 
flow in single and 
double-layered heat sink. 
• Liquid-liquid counter-
flow heat transfer.  
• Double-layered heat sink 
suffers less than half of 
pressure drop compared to 
single heat sink. 
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[149] Modelling 2 water 
counter 
flow 
Uniform copper Rectangular - 
• Optimization of mini-
channel parameters for 
optimal temperature 
uniformity and pump 
work. 
 
[158] Modelling 2 water 
Parallel 
and 
counter 
flow 
Uniform Silicon Rectangular (h=400xW=100) µm 
• The thermal and flow 
behaviour of double-
layered heat sink is 
investigated under 
different flow rates. 
• Parallel flow is better when 
the flow rate is at low value 
and counter flow is better in 
high flow rate. 
[157] Modelling 2 water 
Parallel 
and 
counter 
flow 
Uniform Silicon Rectangular - 
• Study the behaviour of 
two-layered heat sink 
under various channel 
aspect ratios. 
• Parallel flow is better in 
heat transfer performance 
than counter flow except in 
high Reynolds number and 
high channel aspect ratio. 
• Small middle rib leads to 
lower thermal resistance.  
[154] Modelling 2 water 
counter 
flow 
Uniform Silicon Rectangular - 
• Optimization of 
geometry and flow rate 
for double-layered heat 
sink. 
• Increasing the pumping 
power requires more 
channel, small bottom 
channel and thinner vertical 
rib. 
[163] Modelling 2 
water  
Nanofluid 
(Al2O3–
water) 
counter 
flow 
Uniform copper Rectangular - 
• Two advanced micro-
channel heat sinks 
(double-layer and double 
sided) are compared 
• Sandwich structure with 
counter flow shows a 
significant reduction in 
thermal resistance compare 
with single-layer, double-
layer. 
[155] Modelling 2 water  
counter 
flow 
Uniform Silicon Rectangular - 
• The effects of channel 
number, aspect ratio and 
velocity on performance. 
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Most of the studies were conducted for the MLM heat sink have considered a 
uniform heat source and very few has considered the non-uniform heat source. 
Wei et al. [173] have compared the behaviour of MLM heat sink under uniform 
and partial heat source numerically and experimentally. The experiments have 
used several heaters to simulate the partial heating scenario. The results showed 
that heat sink for partial heating had a higher total thermal resistance than the full 
heating due to local heat source. Also, the partial heating effect increased as flow 
rate increased. The authors have pointed out the importance of the location of 
the heat source to minimize the localized heating effect. In addition, the flow 
directions (counter flow and parallel flow) have been explored. The results 
showed that double layers heat sink experience similar thermal resistance for 
both flow patterns of 0.09°C/(W/cm²). However, the heat sink temperature in the 
counter flow pattern had better temperature uniformity than the parallel flow of 
40% less. Recently, Ansari and Kim [174] have explored numerically the 
performance of double-layered heat sink under non-uniform heating conditions 
with random hotspot for microprocessor cooling applications. However, the study 
showed the effect of the flow pattern without any comparison with single a layer 
heat sink. 
Applying an MLM heat sink in a CPV cooling application requires special attention 
due to the rapid temperature increase in the CPV module and the importance of 
solar cell temperature uniformity. The only two studies found in applying this 
cooling technique in the CPV applications are published as the results from this 
research [175,176]. Al Siyabi et al. [175] have conducted numerically a thermal 
analysis of using MLM heat sink in a single solar cell receiver. The results showed 
a significant temperature reduction of the solar cell when the number of layers 
increased from single layer to 4 layers by 15ºC. In addition, the pressure drop 
was decreased by more than 50% when using 4 layers heat sink and reduced 
the temperature non-uniformity of the solar cell. 
2.6 PCM thermal energy storage system 
Thermal storage system (TES) is a very important topic in solar energy 
applications. The need for the TES system in solar systems is due to the 
mismatch between the energy supply and demand or to recover the waste heat 
generated from photovoltaic systems. Thermal energy system is classified base 
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on the temperature ranges into three categories low, medium and high. Low 
temperature thermal energy stores the heat that is less than 100°C and this type 
of heat can be used in distillation, district water heating and space heating. The 
medium thermal energy system temperature range between 100°C to 300°C. 
This type of thermal energy can be used in heating, ventilation and air 
conditioning. 
The thermal energy can be stored in two forms sensible, latent-thermal and 
thermal-chemical heat storage as shown in Figure 11 . The chemical form is 
performed by storing the absorbed thermal energy in breaking and reforming 
molecular bonds in a reversible chemical reaction. The sensible thermal form is 
performed by using the absorbed thermal energy to rise the temperature of the 
material as shown in Figure 12. This is a basic and the simplest way of storing 
the thermal energy. Water is the best sensible thermal storage medium due to its 
inexpensive cost and having a high thermal capacity. 
The other form of storing the thermal energy is in the latent form and stored 
through the change of the phase of the material from solid to liquid or from liquid 
to solid. A huge amount of heat is stored by the materials during the phase 
change. It has been proven in many studies that storing heat into the latent form 
such as phase change materials (PCMs) in TES applications are an effective 
good due to their high latent heat storing in a relatively small volume over a 
relatively low temperature range.  
 
Figure 11. Types of thermal energy storage forms [177]. 
The development of a latent heat storage system falls into two main areas: 
material investigation and heat exchanger development. The material 
investigation study includes the characterization of the material and their thermo-
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physical property such as melting temperature and heat of fusion. The heat 
exchanger development includes the heat exchanger concept, geometry and 
parametric operation investigations [178]. This research will mainly focus on the 
heat exchanger development and with a little attention to the chemical 
composition of the material. 
The PCM storage concepts are very important area in designing thermal storage 
systems and it mainly depends on the application and the type of materials used. 
There are two concepts to store the thermal energy active and passive system 
(Figure 13). The passive system uses conduction heat transfer method for solid 
to solid and used by attaching the PCM at the back of the photovoltaic surface to 
enhance their electrical performance using the thermal regulation. 
 
 
Figure 12. Temperature versus the stored heat for sensible and latent heat. 
 
Figure 13. Classification of storage concepts. 
 An active storage system uses the forced convection heat transfer into storage 
material. It can be direct system, where the heat transfer fluid serves as storage 
medium or indirect systems, where a second medium is used for storing the heat. 
Basically, these configurations are divided into three types of storage (Figure 14): 
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• Storage with heat transfer on the storage surface: it is used mainly on 
temperature control applications, where the temperature of a heat source 
is required to maintain under the operational limit. This method is used for 
low heat application due to the PCM low thermal conductivity. The amount 
of used of PCM is determined by the amount of heat absorbed during 
phase change (latent heat of fusion) and the time required to maintain the 
low temperature. 
• Storage with heat transfer on internal heat transfer surfaces: its application 
is to recover the waste energy, where the heat/cold effect delivered from 
the source to the storage so that it can be used later upon the demand. 
The main objective of these systems is usually to mismatch between the 
supply and demand. Usually the heat exchanger is packed with the 
storage medium (latent or sensible material) and heat transfer fluid is used 
to transfer the heat. Moreover, the use of extended surfaces (fins) is still 
possible to further enhance the thermal conductivity of the PCM. 
• Storage with heat transfer by exchanging the heat storage medium: In this 
type, the heat storage and heat transfer medium become one fluid that is 
liquid and consists of a component that stores heat. The main 
characteristics of these systems are increasing the storage density 
compared to the pure heat transfer fluid but less than the previous other 
two types pointed out, high power is transported per volume of heat 
transfer fluid and improved heat transfer. 
 
Figure 14.Types of heat transfer storage designs. 
2.6.1 Thermal storage heat exchanger arrangement  
Once the phase change materials is selected to suit the desired application, the 
next important design stage is the geometry of the container and its operating 
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parameters [179]. In order to ensure a very high thermal performance of the PCM 
system, the size and shape of the container must be designed to accommodate 
the heat produced by the heat source as well as to achieve the PCM melting 
point. This factor ensures high long-term thermal performance. Typically, two 
types of geometry are used as PCM container: cylindrical and rectangular as 
shown in Figure 15.  
Because of the low thermal conductivity of PCM, the increase of heat transfer 
surface between the heat transfer fluid and PCM is very essential to enhance the 
thermal conductivity.  The shell and tube arrangement actually offers the best 
heat transfer area between HTF and PCM and more than 70% of latent heat 
thermal energy storage (LHTES)  units are shell and tube arrangement [180].  
 
Figure 15. Different PCM storage configurations [44]. 
Esen et al. [181] have studied the melting time of the pipe mode and cylinder 
mode. They found that shorter time was needed for the PCM in the pipe mode 
compared to the cylinder mode. This is because of the thicker PCM mass is at 
the cylinder mode. 
Agyenim et al.[182] have studied experimentally two TES configurations 
consisting of a single heat transfer tube and four heat transfer tubes.  They used 
in their analysis the isothermal counter plots and temperature time curves. Both 
systems were packed with medium melting temperature of the phase change 
(117.7°C). It was found that multi-tube system improves the heat transfer rate 
during charging and it can generate a suitable temperature to run absorption 
cooling system. 
The direction of fluid flow in the thermal energy during the charge and discharge 
is another factor to enhance the heat transfer. There are two modes of fluid flow: 
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parallel or counter-current flow as shown in Figure 16. If the fluid flow during 
charging and discharging mode is in the same direction and it is called parallel 
flow type. If the fluid flow direction during charging and discharging is opposite to 
each other then it is called counter-current heat transfer flow. Gong and 
Mujumdar [183] have studied the two modes using numerical analysis. The study 
investigated the effects of the fluid flow rate, inlet temperature and the duration 
of the charge and discharge period. The results showed that parallel flow was 
more desirable than the counter-current flow in the amount of the energy rate 
during the charge and discharge mode due to the higher temperature difference 
at the fluid inlet in parallel flow compared to counter-current flow.   
Apart from the above pointed out parameters, others operating and geometry 
parameters must be considered when designing a full thermal storage system 
and this includes: the PCM shell radius, heat transfer fluid mass flow rate and 
heat transfer fluid inlet temperature. 
 
Figure 16. Parallel and counter-current HTF flow diagrams [184]. 
Apart from the above-mentioned parameters, others operating and geometry 
parameters must be considered when designing a full thermal storage system 
and this includes: the PCM shell radius, heat transfer fluid mass flow rate and 
heat transfer fluid inlet temperature. 
2.6.2  Heat transfer in PCMs 
The PCM heat transfer analysis is considered to be a complex problem[185–187]. 
This is due to the solid-liquid moving boundary during the PCM melting process 
[180]. During the heat charging process, the heat transfer within the solid PCM 
uses conduction mode only and once the PCM starts melting the heat is 
transferred mainly by natural convection between the liquid and the solid PCM. 
The influence of natural convection on the phase change process has been 
realized since 1970s [188,189]. However, the natural convection can be 
neglected during the solidification stage and only the heat is transferred by 
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conduction [102]. Both the PCM storage geometry and its inclination position 
have a major influence on the natural convection during the melting process and 
hence the overall heat transfer performance. The two most common PCM storage 
shapes used in the TES applications are the rectangular and the cylindrical types. 
Several investigations have been performed to study the role of storage 
inclination position on the PCM heat transfer in rectangular heat exchangers 
[104,105,190–193]. Those studies show clearly that the applied heat direction to 
a rectangular heat exchanger effects the PCM melting rate and profile. The heat 
source located at the bottom of the heat exchanger leads to a faster PCM melting 
in the horizontal orientation compared to vertical orientation [193]. On the other 
hand, if the heat is applied at the top of the storage, the PCM in the vertical 
orientation heat exchanger melts faster than horizontal orientation [105]. On the 
cylindrical PCM storage, the PCM melting process is completely different than 
the rectangular storage and this leads to the necessity for specific studies on the 
melting of PCM in this type of storage. Many studies have investigated the effect 
of convection on the melting process of PCM thermal storage systems. The 
existing studies have explored the natural convection on different fin types and 
sizes, heat transfer fluid (HTF) inlet temperature and flow rate effects and the 
orientation of the TES system in a vertical and horizontal arrangement. 
Longeon et al. [194] have studied experimentally and numerically the natural 
convection and heat transfer rate within a vertical annular PCM storage system. 
The investigation included the effect of the top and bottom charging mode on 
PCM melting profile. The study found that the top charging mode causes the PCM 
to melt from top and gradually moves downward. The authors conclude this is 
due to the natural convection effects of the liquid-solid PCM interface. In the 
bottom charging mode, the PCM melts first along the tube and then the melted 
PCM moves towards the top of the cylinder as a result of natural convection due 
to the density difference between the two phases as explained previously by 
Ettouney et al. [195]. The work concluded that top charging is recommended due 
to the more temperature gradient in the axial direction than the bottom charging.  
In a later study, Kibria et al. [196,197] have investigated numerically and 
experimentally the heat transfer between the PCM and HTF with different 
dimensions and operation conditions for a simple shell and tube system. The 
parametric study shows that HTF inlet temperature has a great influence on the 
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PCM melting rate whereas its mass flow rate has a minor effect on the PCM 
melting rate. In terms of the system dimensions, the bigger the tube radius leads 
to a lower melting time and an increase in the HTF temperature difference. These 
numerical findings match with the experimental findings in Kaygusuz and Sari’s 
work [198]. 
Murray and Groulx [199,200] have extensively studied experimentally and 
numerically the energy characteristics of a vertical PCM  storage in a 
simultaneous heat charging/discharging using different HTF inlet temperatures 
and flow rates. The test section consists of two tubes inside a PCM shell. Each 
tube is attached with four longitudinal copper fins as an enhancement method for 
the PCM thermal conductivity. The studies found that the direct heat transfer 
between the supply and demand occurs only when the PCM completely melted 
and no direct heat transfer between them during the solid phase. The studies 
concluded that the temperature variation along the HTF tube is as the result of 
the natural convection and not as the result of temperature variation of the PCM 
along the storage.  
Esapour et al. [201] have investigated numerically the effects of the increase on 
the number of HTF inner tubes in a vertical PCM storage during the charging 
process under different operation conditions. The considered number of tubes 
are single, two, three and four tubes. The HTF flows in the outer shell of the 
storage and in the inner tubes which are located in the inner shell, where the PCM 
is also placed. The study found that increasing the number of inner tubes leads 
to an increase of the natural convection within the PCM and hence increasing the 
PCM melting rate. The study confirms the fact found by Kibria et al. that the HTF 
inlet temperature has more effect in increasing the melting rate and the natural 
convection heat transfer mechanism than the increase in the HTF mass flow rate. 
In an extended study, Caron-Soupart et al. [202] have experimentally explored  
the impact on the heat transfer rate and natural convection inside cylindrical PCM 
using two types of fin: longitudinal steel and helical copper fins in a vertical PCM 
storage arrangement. The study shows that a higher melting rate is experienced 
when using longitudinal fins compared to the helical fins arrangements. This is 
due to the natural convection zones that are created between the longitudinal fins 
during the melting process as explained by the authors. They also concluded that 
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the fins orientation is a key factor in increasing the melting rate and not the type 
of the PCM. 
Agyenim et al. [182] have experimentally investigated the heat transfer 
enhancement of the PCM using a multi-tube heat transfer array using a horizontal 
PCM storage. The study recorded that the multi-tube system improves the heat 
transfer rate compared to a single tube. The authors attributed this increase in 
the melting rate due to the natural buoyancy effect, natural convection and the 
formation of multiple convective cells at the multitude array.  
Liu et al. [179,203] have investigated experimentally the heat transfer inside a 
horizontal PCM storage. The study also explored the effect of fins orientation in 
the system performance. The study confirmed the importance of the HTF inlet 
temperature in the PCM melting and heat transfer rate compare to the HTF flow 
rate. In terms of the fins orientation, the study concluded that straight fins have a 
small influence on the melting time compared to angled fins at low HTF inlet 
temperature (50ºC). For discharging process, the study reported no change on 
the heat transfer rate for both fins orientations. Similar investigation has been 
conducted by Tao and He [204] but using the numerical approach where the 
importance of natural convection on a horizontal cylindrical heat exchanger was 
confirmed. 
Tay et al. [205–209] have reported an extensive work of designing, testing and 
analysing the performance of a novel  multi-tube heat exchanger using numerical 
and experimental approaches. The authors highlighted that the natural 
convection plays an important role on melting the PCM and ignoring the effect of 
natural convection in the CFD model causes different melting profile compared 
to the experimental results. However, a greater number of HTF tubes reduces the 
distance between the tubes and the natural convection was found insignificant. 
Very few studies have investigated the influence of the inclination angle on the 
melting and solidification process of PCM in a shell and tube PCM storage [210–
212]. Seddegh et al. [211] have investigated numerically the thermal behaviour 
of shell and tube storage system in two orientations; vertical and horizontal by 
evaluating the PCM liquid fraction and the PCM average temperature. The study 
showed that the PCM in the horizontal orientation melted faster in the upper part 
of the storage compared to the lower part and a good heat rate performance was 
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experienced during the initial stage of melting. However, a slow melting of PCM 
was observed after the complete melting of the upper PCM due to the slower 
melting of PCM in the lower part. Also, the melting rate of PCM in the vertical 
position is more stable during the charging period compared to the horizontal 
position. In addition, the study showed a great impact of HTF inlet temperature in 
the charging process for both positions whereas the HTF flow rate has a slight 
effect during the charging period. Similarly Koush et al. [212] have studied 
experimentally and numerical the effect inclination angle on the PCM storage 
performance and  more orientation angles were have been considered. The 
results of this study confirm the finding of  [211] about the melting rate and 
working conditions effects. However, none of the studies have shown the solid-
liquid interface along the axial direction or studied the internal flow of the liquid 
PCM in the different inclination angles. 
2.6.3  Phase change materials classifications 
There are wide variety of phase change materials available that melt and solidify 
at a wide range of temperatures which can be utilized in many applications. In 
this section, a brief is to be given about the classification of the PCMs. In 1983, 
Abhat [178] classified phase change materials into three main groups: organic, 
inorganic and eutectics. Organic phase change material is divided as paraffin and 
non-paraffin organics [10]. These materials cover the melting temperature ranged 
between 0oC and 200oC. The density of organic PCM is less than 1000 kg/m3. 
Organic compounds present several advantages such as non-corrosive, possess 
chemical and thermal stability, ability of consistent melting, self-nucleating 
properties and compatibility with conventional materials of construction. The 
disadvantages of the organic are its low phase change enthalpy, low thermal 
conductivity, flammable and expensive.  
Inorganic compounds include salt hydrates, salts, metals and alloys. Inorganic 
PCMs are better for medium to high temperature heat storages applications 
(>100oC) because of their higher melting point compared to the organic PCMs. 
The main advantages of inorganic compounds are a high volumetric latent heat 
storage capacity, often twice the capacity of organic compounds and high thermal 
conductivity. Whereas the main disadvantage of the inorganic PCM is the 
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problem with most of the salt hydrates are super cooling, phase segregation, 
corrosion and lack of thermal stability. 
For thermal storage, there are certain materials properties (thermal, physical, 
kinetic and chemical properties) that are desired in order of the system to perform 
efficiently [213]. Table 2 lists the desired properties of the PCM. 
The main two evaluation techniques for the measurement of the thermos-physical 
properties of the PCMs are the Differential Thermal Analysis (DTA) and 
Differential Scanning Calorimetry (DSC) and this will be highlighted in section 3.3.   
Table 2. The desired PCM properties. 
Property type Desired Property 
Thermal 
- Suitable phase transition temperature. 
- High latent heat of transition. 
- High thermal conductivity in both liquid and solid 
phases. 
Physical 
- Favourable phase equilibrium. 
- High density. 
- Small volume of change or low-density variation 
with temperature. 
- Low vapour pressure. 
kinetic 
- Non-super-cooling. 
- Sufficient crystallization rate. 
Chemical 
- Long-term chemical stability. 
- Compatibility with materials of construction. 
- Non-toxic. 
- Non-flammable. 
2.6.4 Thermal conductivity enhancement techniques 
As pointed out earlier that the most challenge of using the PCM in the thermal 
storage applications is its low thermal conductivity compared to the sensible heat 
materials. Several studies have been conducted to enhance the thermal 
conductivity during the charging and discharging. Many techniques have been 
proposed to overcome the thermal conductivity issue such as fins tube, micro-
encapsulation of the PCM and using multiple PCMs. 
2.6.4.1 Fins 
Increasing the area between the PCM and the heat source is considered as one 
of the enhancement techniques of the thermal conductivity of the PCM. Different 
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fins arrangements have been studied of longitudinal or radial fins, circular fins 
and multi-tubes. Lacroix [214] has numerically studied the heat transfer behaviour 
of latent heat thermal energy with a finned tube. The author found that the finned 
tube is suitable for moderate mass flow rates and small inlet temperatures. Ogoh 
and Groulx [215] have studied numerically the effect of the thermal fluid velocity 
on cylindrical PCM storage in the presence of cooper fins. The number of fins 
were varied from no fins to 18 fins configurations. It was clearly showed that more 
fins caused a higher energy stored rate and less melting time. Lorente et al. [216] 
have investigated numerically the effect of using a vertical spiral positioned 
coaxially in the PCM storage and with variable inner radius.  The authors 
concluded that the global performance of the storage system could be increased 
by selecting the geometric features such as spiral pitch, diameter and number of 
concentric spirals. In another study, Mon and Gross [217] have studied 
numerically fins spacing in the annular finned tube heat exchanger. It was found 
that the heat transfer coefficient increases as with the find spacing to height ratio 
until 0.32 and then it has no effect on this.  
 Kim  [218] has optimized fins thicknesses in the direction normal to the fluid flow. 
The results showed that the thermal resistance of the concave fins thermal 
storage was reduced by 12% in the case of employing with straight fins 
regardless of the pumping power and the tube length. Castell et al. [219] have 
investigated experimentally the effect of a coil in the PCM tank for cooling 
applications using two different configuration of different tube packing factor. The 
results showed that higher packing factor more than 90% has no effect on the 
performance on the storage. Khalifa et al. [220] have studied numerically and 
experimentally the solidification of axially finned heat pipes for high temperature 
thermal storage system. The results show that the finned heat pipes have 
improved the thermal energy storage by 86% compared to the bare heat pipes.  
Zhao and Tan [221] have numerically investigated the shell and tube thermal 
storage for air-conditioning application. The study showed that the HTF flow rate 
and fins height provide higher heat charging rate and shorter total charging time. 
The effectiveness of the proposed storage system is higher than 0.5. In another 
study, the enhancement of the PCM storage system in triplex tube with fins has 
been investigated numerically by Mat et al. [222]. The results showed no effect 
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on the melting rate of the internal and external fins. However, using both type of 
fins reduced the melting time by 43.3% compared to no fins system. 
2.6.4.2 Micro encapsulated 
Encapsulation of PCM inside an enclosed metallic object is another enhancement 
technique to increase its low thermal conductivity. Zhao et al. [223] have studied 
numerically the heat transfer in encapsulated PCM using two dimensional heat 
transfer model. The considered PCM was the NaNO3 encapsulated in a 
cylindrical shaped capsule made from stainless steel. The results showed that 
the heat transfer process was influenced by the capsules materials. The size of 
capsules and type of heat transfer fluids have a great impact on the heat transfer 
rate and melting time. In a similar study, Bellan et al. [224] have studied 
numerically the charging and discharging of a cylindrical thermal storage with 
encapsulated PCM. The authors showed that the melting time is shorter than the 
solidification time due to the higher heat transfer coefficient during the melting 
process. Also, the natural convection effect increased as increasing the capsule 
size. The ratio of the tank length to the diameter has a significant effect on the 
complete melting and solidification time. 
Nithyanandam  and Pitchumani [225] have illustrated a method for designing and 
optimization of an encapsulated PCM for the thermal energy storage system. 
Kalaiselvam et al. [226] have conducted an experimental investigation of melting 
and solidification of PCMs inside cylindrical encapsulation. The results showed 
that the complete solidification time is effected significantly by the radius of 
capsules between 0.05 to 0.06m. Bédécarrats et al. [227,228] have conducted 
an experimental and numerical study on the PCM storage using spherical 
capsules to study the influence of various operating diameter on the charging and 
discharging modes. The HTF inlet temperature and its flow rate have an impact 
on the storage rate. The authors introduced the super cooling effect of which is 
charging mode that follow the incomplete of discharging mode and this produced 
a higher temperature with a relatively shorter duration [229]. 
2.6.4.3 Multiple PCMs 
Employing multiple PCMs of different melting temperature in thermal energy 
storage systems is considered as an effective method for PCM enhancement 
[230].The multiple PCMs means that more than one PCM type is packed in the 
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thermal storage system. The PCMs are arranged in a descending order of their 
melting temperature. Therefore the HTF decreases its temperature i.e. heat 
transfer rate as it flows through the first PCM, it enters the second PCMs storage 
of less PCM melting temperature and this causes an increase on the overall 
system performance [231]. 
The multiple PCM storage system was first introduced in 1995 by Gong and 
Mujumdar  [232] in a horizontal cylindrical storage using 5 PCMs arranged in 
descending melting temperature order. The results showed that using multiple 
PCM can enhance greatly the charge and discharge rate of thermal energy as 
compared to a single PCM. Also, the multiple PCM system can significantly 
reduce the fluctuation of the HTF outlet temperature. In another study by the 
same authors [233], their novel storage unit of multiple PCMs was tested under 
cyclic heat transfer rate. The results show a lower HTF outlet temperature during 
the charging process and a higher HTF outlet temperature during the discharging 
mode for the 5 PCMs arrangement compared to the single PCM arrangement.  
 Michels and Pitz-Paal [234] have showed experimentally the use of a cascade 
of multiple PCM to ensure the optimal utilization of the storage materials. The 
experiments were conducted using vertical shell and tube heat exchangers. The 
results showed that the cascaded arrangement offers a uniform heat transfer fluid 
outlet temperature during the discharging than a non-cascaded storage system. 
Seeniraj and Narasimhan [235] have combined the two enhancement techniques 
of using fins and multiple PCMs. Their results confirmed the better performance 
of multiple PCM compared to the single PCM and the uniformity of the exit HTF 
temperature with the multiple PCM. Fang and Chen [236] have studied 
numerically the effect of different multiple PCMs arrangements on the 
performance of the PCM storage. The study found that there is an optimum 
proportion between the PCMs for the maximum thermal charging and an 
appropriate selection of the PCMs plays an important role for the performance 
improvement.  
2.7 CPV-TES system 
From the literature review, it was found that the integration of the concentrated 
photovoltaic with the thermal energy storage has not received much attention. 
However, there are a lot of studies where the thermal energy storage using PCM, 
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concentrating photovoltaic cooling and photovoltaic thermal have been 
conducted separately. The integration of the thermal energy storage with solar 
heat pump or solar collector can be a good approximation of the CPV/TES. The 
similarity areas are the load profile, amount of energy to be stored and type of 
analysis. The use of exergy analysis is an important in developing a good 
understanding of the thermodynamic behaviour of thermal energy storage 
systems because it clearly takes into account the loss of availability and 
temperature of heat in storage applications, and hence it reflects the 
thermodynamic and economic value of the storage operation [237]. The analysis 
of the system, which is solely dependent on the first law of thermodynamics, is 
inadequate as a measure of the energy storage because it does not consider the 
effect of time duration through which heat is supplied and the temperature of the 
surroundings. The energy analysis might produce a workable design, but not 
necessarily one with the highest possible thermodynamic efficiency [238]. In 
contrast any analysis consideration leads to the optimal design operation of 
thermal systems. 
Yumrutas and Kaska [239] have investigated the thermal performance of a solar 
heat pump system integrated with an energy storage system. The heat was 
generated by solar collector and it was stored in a cylindrical tank and water was 
used as the HTF. The heat was used in space heating application. In this system 
the variation of solar irradiance, solar collector performance and overall system 
performance were calculated and evaluated. Kumaresan et al. [240] have studied 
the integrated solar parabolic trough collector with sensible thermal energy 
storage. The performance has been measured using different parameters of 
overall heat loss coefficients. It was evaluated from the experimental temperature 
variation of the HTF in the storage tank with respect to time. The useful heat gain 
is the energy gained by the heat transfer fluid when it passed the solar collector. 
Solar collector efficiency is the ratio of the instantaneous useful heat gained by 
the HTF, and the instantaneous incident solar irradiance. Energy 
collected/energy stored in the thermal storage. Charging efficiency/overall 
system efficiency is the ratio of the energy stored in TES/ energy collected by the 
solar collector. Huang et al.[241] have evaluated PV/thermal systems using water 
as working fluid and then compared it to a conventional solar water heater. They 
showed that the PV/T system reached a daily efficiency of 0.38 which is about 
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76% higher than the conventional system. Also, the study proved the economic 
feasibility of the PV/T system. Ozgenera, and Hepbasli [242] have investigated 
experimentally the performance of integrating the solar thermal with storage 
system for greenhouse applications. The proposed system achieved heating 
coefficient of performance of 2.64 and an energetic efficiency of 67.7%.  
A PV/T system has been evaluated numerically by Tiwari  and Sodha [243]. The 
proposed system integrated the PV system with water storage tank. The results 
showed a significant increase of the thermal efficiency from 24% to 58% of using 
the thermal storage. Fraisse et al. [244] have studied the performance of water 
hybrid PV/T for solar floor heat applications. Due to the cooling of PV, the 
electrical efficiency was increased by 6% compared to no cooling PV. The study 
concluded that, hybrid solar is promising but required to maintain a strong 
partnership between the PV and thermal field.  
Kerzmann and Schaefer [245] have simulated a LCPV system with active cooling 
and storage system for economic and environmental perspective point of view. 
The proposed system can supply of 6.2kWp as well as displace 10.35 tons of 
CO2. Bakirci and Yuksel [246] have studied the integration of solar collector with 
thermal storage in cold climate(-10.8°C to 14.6°C). The study showed that the 
system of solar collector- thermal storage could be used for residential heat in 
cold climate where the average collector efficiency varied between 0.4 and 0.6 
and the maximum average storage temperature was between 28°C to 40°C. 
Similar study were conducted of solar collector and thermal storage for domestic 
heating [247] where the storage tank temperature varied between 9°C and 35°C. 
Naghavi et al. [248] have investigated the thermal performance of a compact heat 
pipe with latent heat storage. The results showed a thermal efficiency of a range 
between 38% and 42% in sunny days and of 34%-36% in cloudy-rainy days [249]. 
2.8 Conclusions 
This chapter has presented an extensive review of significant relevant topics of 
this PhD research. The detailed review includes the CPV thermal regulations and 
thermal energy storage using PCM techniques. In the last section, the integration 
of the solar system with the PCM storage has been presented.  
From the review, it can be seen that the CPV receivers offer promising 
opportunity in the future to generate electricity compared to the conventional PV 
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technology. This is due to the dramatic reduction in the semi conductive materials 
in the CPV where the more expensive and efficient multi-junction cells (46%) are 
generally employed to replace the lower-efficiency silicon solar cells for high 
concentrations. Then, the CPV thermal challenges have been presented by 
highlighting the increase of the solar cell temperature in reducing the open circuit 
voltage and short circuit current electrical performance. The non-uniform 
illumination on the solar cell has been presented as another factor for the need 
for a highly efficient thermal regulation technique.   
The review shows that the generated heat by the CPV system offers great 
opportunities for utilizing the heat in a useful heating applications. A considerable 
number of studies have been devoted to utilizing this heat in the useful application 
leading to an increase the overall system performance.  
The review has discussed the different types of CPV thermal regulation 
techniques specifically the passive and active cooling techniques that have been 
investigated by researchers in the few decades. The passive cooling techniques 
are likely to increase the reliability of CPV systems and, at the same time, reduce 
the operation costs. However, the active cooling technique is considered as more 
efficient and is the currently thermal regulation solution for high or even the ultra-
high CPV in the future. 
The MLM heat sink technique is considered as an efficient technique in terms of 
reducing the heat source maximum temperature and the pressure drop compared 
to the conventional microchannel heat sink. The literature review shows that the 
MLM heat sink has not yet been investigated in detail for the non-uniform heat 
source applications and in the CPV application.  Therefore, investigating this type 
of technique will be considered as an important contribution to the CPV thermal 
regulation. 
The second topic discussed in this chapter was the PCM thermal storage. The 
review has presented a considerable number of studies in the thermal storage 
heat exchanger, concept of heat transfer in PCMs, types of PCMs and the 
techniques to enhance the PCMs thermal conductivity. In summary, the literature 
shows a lack of research on the thermal analysis of the cylindrical PCM storage 
in some areas such as the storage orientation effect and the multiple PCM 
technique especially on the experimental side. Therefore, those two topics (the 
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orientation and the multiple PCM) will be further investigated in this research by 
conducting an extensive thermal analysis using both the numerical and the 
experimental approaches.  
The last part of the literature review investigated the integration of the CPV-PCM 
storage system. However, the literature survey shows a lack of studies on the 
integration of the CPV-PCM storage system and the only studies were on the 
solar collectors and thermal storage. Therefore, this study will be considered as 
an important contribution to the CPV-PCM thermal storage research.  
As stated above this research will be divided into three parts. The first part is the 
CPV thermal regulation where the MLM heat sink technique has been selected. 
The second part is the PCM storage where the thermal analysis will be conducted 
on studying several criteria such as the orientation and multiple PCM. In the last 
part, the integration between the CPV and PCM thermal storage will be studied 
in several scenarios. The numerical and experimental approaches will be used 
by the researcher in all the investigations. In the next chapter the experimental 
components, instruments and materials analysis will be presented.  
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Chapter 3 : Materials and methods 
3.1 Materials components and instruments 
3.1.1 The solar cell 
Triple-junction cells developed by the German company AZUR SPACE Solar 
Power were employed in this work [250]. They are multi-junction solar cell 
(GaIn/GaAs/Ge) with an active area of 10mm² and a thickness of 190um. These 
solar cells were rated to a peak efficiency of 42.1% and at maximum power point 
(MPP) of 10.59W under standard conditions at 250x concentration. They were 
chosen because of their high performance and its availability at the solar lab 
facilities. The cell has a wavelength range of 300– 1700 nm and a peak efficiency 
of 42.2% depending on 500x concentration ratio and at temperature of 25°C as 
shown in Figure 17. 
 
Figure 17. Electrical efficiency versus concentration ratios for 3C42 solar cell 
[250]. 
3.1.2 CPV assemblies 
The commercial solar assembly used in this work was the 3C42, supplied by 
AZUR SPACE. The solar cell is attached on a substrate of 0.25mm thick made 
from copper/Al2O3 ceramic/copper and a lower copper plate thickness of 0.25mm. 
A ceramic layer is used to separate the top and bottom copper layer for dielectric 
insulation. These cells are connected with 2x10A Schottky diodes. A photograph 
of the receiver is shown in Figure 18. 
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Figure 18.Photograph of Azurspace 3C42 CPV assembly [250]. 
3.1.3 Thick film resistor 
Electrical resistance heater (ERH) (Figure 19) manufactured by Bourns® as 
shown in Figure 19 is used to simulate the heat load generated by the CPV in 
some parts of the research. The resistor is made of thick film material with an 
aluminium plate at the back. The ERH power rating is 30W and its size is 
10mmx10mm and is operated by DC power supply.  
 
Figure 19. Photograph  of electrical resistance heater (ERH). 
3.1.4 Sylgard 184 
Sylgard® 184 is a transparent encapsulant solution produced by Dow Corning. It 
is a Polydimethylsiloxane elastomer suited as refractive material used for the 
homogeniser for the CPV applications for the protection of electrical and 
electronic components. It has a high optical transmittance and its wide operating 
temperature range (-45°C to 200°C). A summary of the physical and thermal 
properties is shown in Table 3. 
Table 3. Sylgard’s physical properties by Dow corning. 
Viscosity 
(Mixed) 
Thermal 
Conductivity 
Coefficient of 
Thermal 
Expansion 
Volume 
Resistivity 
Operating 
Temperature 
3.5 Pa.sec 0.2 W/m. K 3.1·10-4K-1 2x1014 Ω· cm -45 to 200°C 
The optical transmittance of the sylgard was measured using the spectrometer 
by Shanks et al. [251] for different thicknesses as shown in Figure 20. It is noticed 
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that transmittance decreases from 92% to 75% at 800nm wavelength as the 
thickness increases from 1mm to 95mm, respectively. 
 
Figure 20. Transmittance spectra for varous sylgard thicknesses [251]. 
Sylgard 184 is provided as two parts liquid components. The base and the curing 
agent must be mixed in a mass ratio of 10:1. After mixing, they were manually 
stirred. Then, the solution was placed in a vacuum chamber until bubbles were 
no longer visible. Sylgard was then dispensed directly on the surface and to allow 
spreading it as uniformly as possible. Depending on the curing temperature, 
Sylgard could then be cured at room temperature for 48 hours, at 100°C for 45 
minutes or at 150°C for 10 minutes. 
3.1.5 Crystal clear resin 
Crystal Clear™ 200 EU is water white clear produced by Smooth-On Inc. Crystal 
Clear™ resins cures at room temperature with negligible shrinkage. Its 
applications include encapsulation, making prototype models, lenses, sculpture 
reproductions, decorative cast pieces. A summary of the physical and thermal 
properties is shown in Table 4. 
Table 4. Crystal clear resin physical properties by Smooth-On. 
Viscosity 
(Mixed) 
Heat Deflection 
Temperature 
Shrinkage 
600 cps 50ºC 0.001 in/in 
Crystal Clear™ 200 EU is provided as two parts liquid components. The base 
and the curing agent must be mixed in a 100:90 ratio by weight. After mixing, they 
were manually stirred. Then, the solution was placed in a vacuum chamber until 
bubbles were no longer visible. Then, the mixer was then dispensed directly onto 
the mould. The curing time of this resin is 16 hours at 23°C. 
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3.1.6 Paraffin wax 
The PCMs used in this research are organic types manufactured by Rubitherm 
Technologies GmbH. They are solid-liquid PCM and they come in different 
melting temperature. The melting temperature range is narrow in these types of 
PCM due to purity and specific components. A details study of the PCM thermal 
properties will be carried out in section 3.3. 
3.1.7 Spectrometer 
The materials optical properties such as transmittance, reflectance and 
absorbance were measured through a Perkin Elmer Lambda 1050 in the range 
between 175nm and 3300nm, with a resolution that could be set down to 0.5nm. 
The samples were placed in a sample holder: transmittance and absorbance 
were measured with reference to air, whereas the reflectivity with reference to a 
calibrated reflective white surface. This instrument was used in this research for 
transmittance measurements of the homogeniser and the glass. Is was used also 
to measure the reflectance of the primary and the secondary reflector. 
3.1.8 Solar simulator 
A WACOM WXS-300S-50 AM1.5G solar simulator was used for the indoor 
characterization of the CPV receivers in this research. The simulator irradiance 
range is 70 and 120mW/cm2 with effective irradiance area of 210mmx210mm. 
This is generated using a 5000W Xenon short arc lamp, which yielded a high 
non- uniformity and a temporal instability within 2%. This device achieved a Class 
AAA spectral match (Figure 21). 
 
Figure 21. Solar spectrial irradiance of WACOM simulator and AM1.5G [252]. 
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A calibrated silicon cell was used to calibrate the solar simulator before each test 
to ensure the irradiance to the desired level. The current flowing through the 
silicon cell was the used parameter to calibrate the instrument. The standard solar 
cell current is 127mA for 1000 W/m2 irradiance. A temperature controller kept the 
cell temperature at 20°C.  
The tests were conducted at different constant irradiance. This is adjusted using 
the XE level intensity. This is given by the manufacturer graphs. The simulator 
was used after some time after being switched on to reach a steady energy flux.  
3.1.9 I-V tracer 
An EKO MP-160 I-V tracer was used for the indoor and outdoor characterization 
of the CPV. This instrument operated in the voltage range between 0.5V and 
300V and current range between 0.005A and 10A and the maximum power of 
300W. A four-wire configuration was used to extract the electrical outputs from 
the cell. The instrument gives several parameters such as the open circuit 
voltage, the short circuit current, the maximum power, the filling factor and the I-
V curve. 
3.1.10 Solar tracker  
A SOLYS 2 automatic sun tracker was used to track the sun for the outdoor 
characterization of the CPV module. The CPV was fixed in the tracker using a 
steel structure. In order to track the sun accurately, all levels should be adjusted 
according to the manufacturer recommendations. The solar tracker has been 
designed for small and medium sized of loads (<20kg). Also, similar tracker was 
used to collect the outdoor solar irradiance both the direct and the diffused. The 
manufacturer specified of two tracking errors of positioning and levelling and 
estimated of less than 2° for both. 
3.1.11 Vacuum oven 
The EQ-DZF-6210 oven was used for air bubbles removal from casted 
homogeniser and from the sylgard material. Also, the machine works an oven for 
high temperature curing at maximum temperature of 270ºC with three heaters 
and three temperature controllers. 
56 
 
3.1.12 DSC 
NETZSCH, 214 Polyma Differential Scanning Calorimetry (DSC) instrument was 
used for the analysis of the melting temperature, heat capacity, and phase 
transition for PCM properties. The instrument works in temperature range from -
170ºC to 600ºC with heating rates between 0.001K/min and 500K/min. The 
instrument uses a very low thermal mass samples to perform the test. Proteus 
software was used to analyse the data to obtain the heat capacity.  
3.1.13 Thermocouples 
Thermocouples were used as the main instruments for measuring temperatures 
for system characterization and evaluation for the MLM heat sink and PCM 
storage system. The temperature was measured and reordered at several 
locations within the MLM heat sink and the CPV module. Also, the temperature 
was used for measuring the PCM temperature at different locations during the 
charging processes to determine the temperature distribution within the system.  
K-type thermocouples were chosen in this study as they have appropriate 
temperature range. Various thermocouples sizes and types were used according 
to the location as shown in Figure 22. In most of the measurements, the 
thermocouples of tip size of 0.25mm were used. A fine thermocouple of tip size 
of 0.076mm was used to solar cell temperature in order to reduce any solar 
irradiance due to the thermocouple shading.  In addition, the pro type K 
thermocouples were used to measure the HTF inlet and outlet temperatures 
(1mm) and the middle channel temperature of the heat sink (0.5mm). The 
thermocouples were calibrated according to the temperature of water melting ice 
(0°C) and boiling at atmospheric pressure (100°C).  
 
 
(a) (b) 
Figure 22.Photographs of K-type thermocouples (a) wire thermocouple and (b) 
prop type. 
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The signals from the thermocouples were logged with a Keithley 2700 system. It 
has different methods for temperature measurements, internal, external and 
simulated. These modules are designed for high-accuracy thermocouple 
measurements. This system can run up to two modules at a time to create up to 
an 80-channel system (shown in Figure 23 ).  A Graphical program was used for 
monitoring the readings and saving them in a text format. 
 
 
(a) (b) 
Figure 23. Photographs of (a) Keithley 2700 and (b) channel module. 
3.1.14 Water flowmeter 
NFX variable area flowmeter was used to measure water flow rates in both the 
PCM storage and the MLM heat sink experiments. The flowmeter measuring 
scale is between 30-380 cm3/min.  The flowmeter consists of glass tube, end 
blocks of nicked plated brass with ended stainless steel block. The experiment 
setup was connected to the flowmeter using 1 4⁄
"
 BSP fittings. The flowmeter is 
fitted with a fine control valve to control the fluid flow rate. The flowmeter was 
calibrated by the manufacture of an accuracy of 2.5%.     
3.1.15 Water differential pressure instrument 
A differential Digitron 2080P Pressure instrument from Rototherm group (shown 
in Figure 24 ) was used to measure the pressure drop across the MLM heat sink 
test section. The instrument gives a variety of display readings options of psi, 
mbar, inH2O, mmH2O, mmHg, inHg and Pa. The working range of the instrument 
is ranged from 0 to 25 mbar. This instrument is designed to work in a temperature 
range of +20°C to +50°C of a measuring accuracy of 0.10%. The pressure 
transducer channel was calibrated by the manufacturer and a calibration 
certificate. 
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Figure 24. Photograph of Digitron digital pressure instrument. 
3.1.16 Water circulation bath 
A MultiTemp III bath was used to supply the heat transfer fluid at constant 
temperature and flow rate to the test rig. A summary of the technical details of 
the temperature-controlled circulating bath is presented in Table 5. Distilled water 
was used as the HTF of the experiments. 
 Table 5.  Technical specifications of the circulating Bath 
Technical Data value 
Working temperature range  -10 to 90°C 
Temperature accuracy control ±0.1°C 
Heater capacity 800W 
Cooling capacity 265W 
Pump capacity, pressure, max 0.32 bar 
Pump capacity flow rate 12 l/min 
Bath volume 3 Litres 
3.2 Methods 
3.2.1 CAD tools 
The simulations, illustrations and design files were drawn using AutoCAD and 
Solidworks. AutoCAD was used for the 2D model representation a 2D Computer 
Assisted Design software tool developed by Autodesk Inc. Solidworks was used 
to draw the 3D models due to its simplified interface to users. The length and the 
angles of the components could be reproduced with high accuracy at any scale. 
In addition, COMSOL Multiphysics offers the live-link tool with Solidworks to 
simplify the geometry parametric studies.  
3.2.2 COMSOL multi-physics 
COMSOL Multi-physics is a computational fluid dynamics software that can be 
used to analysed different applications. Versions 5.1 have been used to study the 
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MLM heat sink and PCM storage systems. The “Heat Transfer” physics was 
employed for modelling the heat transfer within the system and this includes heat 
transfer in solid, fluids and phase change materials. Also, the fluid flow physics 
was included to model the HTF flow and phase change materials during the 
melting and solidification.  
The simulations were conducted in 2-D axisymmetric environment and in time 
dependent mode for the PCM storage whereas a three-dimensional environment 
and in stationary modes were conducted for the MLM heat sink analysis. The 
modelled geometries were reproduced in the graphic window for the PCM storage 
studies. Because of the system complications, the MLM system was drawn using 
the solidworks software and import tools in COMSOL were used to import the 
geometry. The SI units were used in COMSOL such as millimetres and degrees 
for length and angular units, respectively. Then the materials of the domains are 
defined using the built-in materials library or the properties could be defined 
manually. For each domain, the boundary and the initial conditions were set 
according to assumptions and working conditions. Then, the mesh was defined 
where the geometry was automatically discretized into small elements. The size 
of elements was decided after conducting an independent study to examine its 
effect of certain interest parameters.  Once the model was developed, COMSOL 
automatically generates the solver sequence and computes the solution. In 
additions, COMSOL offers several functions such as parametric and materials 
sweep for examining the effect of geometry and materials effect, respectively. 
COMSOL offers several types of results outputs such as graphs and domains 
isotherms which can be plotted in the software graphic windows. In addition, the 
results can be exported in table format to other software’s such as excel for 
personalization point of view. 
3.3 Thermal analysis for paraffin wax 
Paraffin wax is selected as the PCM throughout this research and its properties 
will be extensively studied in this section. Rubitherm RT series is supplied by 
Rubitherm GmbH, Berlin, Germany and it is classified as an organic material. 
RT’s  series are a promising choice with a high latent heat of fusion, low super-
cooling, non-corrosive, non-toxic and cheap in cost[253]. The PCMs used are 
RT27, RT28HC, RT31, RT35, RT42 and RT47. The last two digits on the PCM 
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name indicates the PCM melting temperature. This various PCMs melting range 
are required for the investigation on effect of the melting temperature on the 
efficiency of the thermal storage system i.e. melting temperature range between 
27ºC and 46ºC. The thermal properties of the used PCMs as per the manufacturer 
data sheet are shown in Table 6. Most of the thermos-physical properties such 
as the density, specific heat and thermal conductivity are the same for all the 
listed PCMs. 
Table 6. Thermal properties of used PCMs 
((Rubitherm® Technologies GmbH, Germany, http://www.rubitherm.de) 
PCMs PCM 1 PCM 2 PCM 3 PCM 4 PCM 5 PCM 6 
Product code RT27 RT28HC RT31 RT35 RT42 RT47 
Melting temperature 
(°C) 
27 28 31 33 41 46 
Solid density (kg/mᶟ) 870 880 880 860 880 880 
liquid density (kg/mᶟ) 760 770 760 770 760 770 
Latent heat (kJ/kg) 179 250 168 160 165 165 
Specific heat 
 (kJ/kg ºC) 
1.8 2 2.1 2 2 2 
Thermal conductivity 
(W/m K) 
0.2 0.2 0.2 0.2 0.2 0.2 
Volume expansion 
(%) 
12.5 12.5 12.5 12.5 12.5 12 
The melting point, latent heat of fusion and specific heat might vary from the same 
manufacturer as they are made bulky and in different conditions and a dependent 
investigation on the thermal properties are required. As explained in chapter 2, 
the DSC technique provided a quick, accurate and detailed measurement results, 
and very small quantities of the sample, hence this technique is used to 
investigate the thermos-physical properties. 
In this study, NETZSCH, 204 Differential Scanning Calorimetry (DSC) has been 
used for the analysis of the PCM properties such as latent heat of fusion (L), 
melting temperature (Tm), melting range (∆T), heat capacities at solid and liquid 
phase (Cps, Cpl). The instrument has been calibrated by the manufacturer and 
these settings has been used during the tests. The PCM samples have been 
prepared according to the manufacturer procedures. 10mg weighting samples 
were prepared for each type of PCMs. The samples have been manually weighed 
using a scale of readability of 0.001mg. Standard aluminium crucibles provided 
by the manufacturer have been filled with the PCMs sample. The selected 
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crucibles are of less than 0.01mg so that the error in the aluminium weight is 
minimized [254]. The lids were perforated to avoid the building of vapour pressure 
during the test. The crucible and the lid were then cold welded using a manual 
sealing press. 
Two samples were tested for each type of PCM in order to ensure accuracy and 
repeatability in the results as the sample was arbitrarily selected from the bulk. In 
order to run the measurements on the samples, the following procedure was 
adopted: 
(i) Baseline run: two empty crucibles of the same mass are placed in the 
instrument, out of which one was the reference crucible. 
(ii) Calibration run: the reference empty crucible with the Sapphire disc are 
placed for testing. The sapphire is a standard material of known specific 
heat and mass. The smallest Sapphire disc (Ø = 0.00025 m) supplied with 
the instrument with the mass of 12.707±0.005 mg was selected for the 
standard run. 
(iii) Sample run: in which the reference empty crucible and another crucible 
with PCM sample is tested. The PCM analysis cycle has been started at 
0°C and kept it at this temperature for 5 minutes to allow temperature 
uniformity in the sample. Then, the temperature is raised to 75°C. Different 
heating rate has been used of 2K/min, 5K/min and 10K/min to figure out 
its effect. After that, the sample is kept at this temperature for 5 minutes. 
Finally, the sample has been cooled to 0°C at the same rate. 
The DSC analysis of the PCMs are used to obtain the melting temperature, 
melting temperature range, specific heat capacity at solid and liquid phases and 
latent heat.  The obtained thermos-physical properties for the different PCMs are 
summarized in Table 7. It is noted that, all the properties are affected by the 
heating rate where the melting temperature varies slightly with the heating rate 
as in RT27 and RT31. The difference between the supplied properties in the 
manufacturer data sheet and the obtained results can be refereed partly on the 
selection of the heating rate. 
The specify heat variation with temperature for different heating rate for the 
different PCMs are presented in Figure 25 to Figure 30. It is noticed that the 
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distribution of the heat capacity of the PCMs depend on the heating rate. So, the 
faster the PCM is heated up, the more the curve is flattened and shifted. The 
specific heat measurements for RT27, RT28HC, RT35, RT42 and RT47 are 
shown in the figures from 25 to 30. 
Table 7. Melting temperature of PCMs 
PCMs 
Heating 
rate 
(K/min) 
Melting 
temperature 
(°C) 
Temperature 
melting 
range 
Specific 
heat at 
solid 
(J/g.K) 
Latent 
heat(J/g) 
Specific 
heat at 
liquid 
(J/g.K) 
RT27 
2 26.5 23-27.9 2.845 126.7 1.958 
5 27.3 13.4-29.9 2.134 127 1.504 
10 28.7 13.4-34.6 2.840 127.7 1.981 
RT28HC 
2 29.8 21.3-32.5 1.942 227.4 2.295 
5 31.9 21.3-35.9 1.977 224.6 2.373 
10 34.7 23.2-42.6 1.949 222.8 2.522 
RT31 
2 28.5 30.9-12 3.186 119.6 2.083 
5 29.9 8-33.5 3.542 119.7 2.320 
10 30.6 8-36.6 3.327 121.5 2.204 
RT35 
2 35.7 22.6-51.6 3.862 146.5 2.472 
5 38.1 22.8-45.7 2.388 120 1.883 
10 42.7 27.1-55.1 3.311 111.2 2.201 
RT42 
2 42.4 32-45.2 3.695 152.9 2.644 
5 43.8 32-49.2 3.475 153.2 2.618 
10 46.1 33.2-55.7 3.578 153.4 2.632 
RT47 
2 47.0 52.3-35 3.981 153.3 2.820 
5 49.7 36-56.8 2.322 130 1.817 
10 53.4 37.5-66.5 3.377 115.9 2.395 
 
 
Figure 25. Specific heat measurement versus temperature for RT27 at different 
heating rates. 
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Figure 26. Specific heat measurement versus temperature for RT28HC at 
different heating rates. 
 
Figure 27. Specific heat measurement versus temperature for RT31 at different 
heating rates. 
 
Figure 28. Specific heat measurement versus temperature for RT35 at different 
heating rates. 
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Figure 29. Specific heat measurement versus temperature for RT42 at different 
heating rates. 
 
Figure 30. Specific heat measurement versus temperature for RT47 at different 
heating rates. 
3.4 Error and uncertainty analysis 
The measurements taken into this research on the experimental work for the 
HCPV-MLM heat sinks and the PCM storage were temperature, fluid volume flow 
rate, pressure, solar irradiance, voltage and current. Temperature is one of the 
important measuring parameters in this research. All the used thermocouples 
were of wired K-type. As pointed out in section 3.1.13, the different structure of 
thermocouples used were the wired or prop type according to the location. The 
65 
 
thermocouple prop types were used to measure the temperature of fluid flowing 
inside the tubes, the inlet and outlet temperature at the test section. This type of 
thermocouples was brand new and have been purchased ready to use from a 
well-recognized manufacturer/supply. Therefore, the tip of the thermocouple is 
the place of taking measurements and this is ensured to be in full contact with 
the fluid. Because for the large number of thermocouples required for the 
research experiments, a roll of thermocouple was purchased and cut according 
to the desired length. The tips of the thermocouples were made on our own using 
thermocouple welder using the L60 thermocouple welder. 
Three important factors affect the measurements accuracy during making the tips 
of thermocouples; the tip length, perfect connection and free of any oxide 
particles. Therefore, the tips were made as shortest as possible. Visual inspection 
using an eye magnifier has been used to check the tips perfection and if free from 
any oxide particles. A voltmeter has been used to check the connection of the 
thermocouples. The thermocouples and the data acquisition system were 
calibrated using two points of temperatures; boiling water and liquid-ice water 
mixture against a precision mercury thermometer to an uncertainty of ±0.1°C.  
The calibrated props type thermocouples for the inline fluid flow temperature 
measurements in the HTF inlet & outlet temperature in the heat sink and the PCM 
storage system, middle micro-channel temperature) allowed to be fixed in its 
locations permanently at the time of the all experiments. Combining these effects 
gives an uncertainty of ±0.2°C. 
The uncertainty of measuring the PCM inside the storage is expected to be very 
low due to the full immersion of the thermocouples inside of the PCM and the 
permanent location of the thermocouples using a rod supported at the in the HTF 
tube. The uncertainty of measuring the temperatures across the CPV surface was 
reduced by reducing the exposed tips surface to the ambient and by increasing 
the contact between the round tip of the thermocouples and the flat surface. This 
is done by using a thermal compound paste between the surface and the tips.  
The solar cell temperature measurement was another important parameter in this 
research. The thermocouple of measuring the solar cell was encapsulated by 
Sylgard 184. The sylgard is characterized of a very low thermal conductivity of 
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0.2 W/m. K (Table 3).  This acts as an insulator to the thermocouple and the solar 
cell temperature measurements had a low uncertainty.  
The power dissipation by the ERH is determined from the product of the voltage 
and current measured at the electrical terminals. The measured voltage and 
current ranged between 8 and 21.5 volts and current of ranged between 570 and 
1450mA, respectively. Uncertainties for direct voltage measurement are 
negligible due to the low voltage drop between the measured terminals. In this 
experiment, voltage input for the heaters were measured across the ERH and the 
current meter with 0.1 Ω shunt resistance. For the current settings we have, this 
will cause 0.1 volts loss in the actual ERH. For a 21.5 volts case, this results in 
±0.46% uncertainty in voltage measurement. As per the product manual, the 
current measurement has uncertainty of ±0.1 % uncertainty. These uncertainties 
cause a ±0.56% in power input measurement. 
The heat lost to the environment in the HCVP-MLM experiment was controlled 
by reducing the heat lost using thermal insulation at the case and fixing the room 
temperature during the experiments. The amount of lost heat was measured by 
the difference between the input power and the heat collected by the HTF. It was 
found that the measured heat delivered by the HTF agreed within 5% of the input 
power to the ERH heat transferred to water.  
As for flow rate measurement, the glass flowmeter has been calibrated by the 
manufacturer of accuracy of 2.5% (section 3.1.15). The HTF flow affected by the 
fluid properties, so the flow rates adjusted using water column and stop watch. 
Table 8 shows the measurements variation errors between the two methods in 
which is less than 5% in all cases. In addition, the mass flow rate is recorded for 
finding the density of water.  
Table 8.  HTF volume and mass flow rates. 
Volume flow rate 
using flowmeter 
ml/min 
Volume flow rate 
using water column 
ml/min 
Variation % 
Mass flow rate 
g/min 
30 29 3 29.99 
40 39 2.5 40.00 
50 48 4 46.31 
60 58 3.33 56.90 
For each microchannel plate, the channel dimensions were measured at 20 
locations across the using microscope. The calibration uncertainty due to the 
microscope is estimated to be ±0.5μm and the data scattering is around ±3%.  
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3.5 Conclusions 
Identifying the instruments and characteristics of the materials outputs is crucial 
for the design and testing stage and later on the operation stage. In the light of 
this different materials, instruments and software used in this research for both 
the numerical and experimental part have been presented in this chapter.  
For the experimental part of the HCPV-MLM heat sink experiments, the solar cells 
and the CPV assemblies were purchased from Azurspace. The used solar cell 
size is 1cm² of a peak efficiency of 42.2% at 500x concentration. A solar simulator 
was used for the indoor characterization of the solar cell assembly. 
The properties of the two types of materials used to manufacture the 
homogeniser (crystal resin and glass) has been reported. The spectrometer is an 
important instrument and will be used later to measure the transmissivity and the 
reflectivity of the different optical parts of the CPV, such as the reflectors and 
homogeniser.  
In section 3.3, the chapter reports the methodology followed for the 
characterization of the PCM used in this research using the DSC machine. 
Various ranges of PCM had been investigated to identify their thermos-physical 
properties such as the melting temperature, specific heat capacities and latent 
heat of fusion for both phases. These properties are very important in 
understanding the behaviour of the PCM and in the modelling section later in 
Chapter 5. In addition, this chapter reports the error and uncertainties of the 
different instruments in measuring the parameters of temperature, HTF flow 
rates, the current and the voltage. 
The next chapter of this thesis reports the thermal management of the CPV 
receivers under high concentration. This includes the numerical study for the 
design purpose, fabrication, indoor and outdoor experimental characterization.   
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Chapter 4 : Thermal management of HCPV 
receivers using a multi-layered microchannel 
heat sink: design, fabrication and experimental 
characterization 
This chapter presents a detailed electrical and thermal analysis of a high 
concentration photovoltaic (HCPV) system attached to a multi-layered 
microchannel (MLM) heat sink. Both numerical and experimental approaches 
have been used in this analysis. This is the first experimental work conducted for 
the thermal regulation of a HCPV system using the MLM heat sink technique. 
4.1 Introduction 
The analysis of the HCPV-MLM system is carried out by understanding the 
thermal behaviour of each component individually. This is by presenting the 
analytical correlations of the HCPV and MLM systems where the heat flow is 
represented using the thermal resistance network technique. The HCPV-MLM 
system is then explored using the numerical analysis to identify the electrical and 
thermal effects of using MLM on the HCPV module. The numerical analysis is 
also important for the optimization of design parameters, especially to minimize 
the maximum temperature and its gradient in the solar cell surface [255]. Then, 
the behaviour of the MLM heat sink is explored experimentally under the 
operation of non-uniform heat source. This analysis explores some parameters 
which normally not offered in the HCPV analysis such as the surface temperature 
uniformity under a high-power rate. Following this, the performance of the MLM 
heat sink is examined using a HCPV single solar cell module under the solar 
simulator for the indoor test at different operation conditions such as HTF flow 
rates and number of layers. Finally, a real time outdoor experiments is conducted 
for the system to measure its performance. 
4.2 Heat transfer analytical correlations 
The purpose of this section is to present the correlations that describe the heat 
transfer and fluid flow in the HCPV receiver and the MLM heat sink, from the solar 
cell to the ultimate MLM heat sink.  
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4.2.1 HCPV 
The CPV receiver, illustrated in Figure 31, consists of a solar cell located under 
a conductive layer made of copper. A ceramic layer placed under the copper layer 
is used as electrical insulation. Finally, the full arrangement is placed in a second 
copper layer for thermal conduction purposes. The assembly also consists of two 
by-pass diodes and two electrical terminals.  
 
Figure 31. Schematic of typical 3C42 Azurspace CPV receiver. 
The solar cell receives the direct irradiance from the sun and converts partially to 
electricity and the rest into heat. Therefore, the solar cell’s electrical efficiency is 
the ratio between the electrical output power (𝑃out) to the input power (𝑃in), which 
is defined as 
ηcell =
Pout
Pin
     4.1 
Where Pincan be represented for concentration system as below: 
Pin = CR. A. G. ηopt     4.2 
Where CR is the concentration ratio, G is the direct normal irradiance (DNI) and  
ηopt is the optical efficiency. The electrical output power is the product of the 
voltage by current. The total current density of the solar cell is the minimum 
among the three sub-cells. The current density distribution for each sub-cell is a 
function of temperature and given by [256]:  
JSC,i(T) = ∫
q.λ.EQEi(λ,Tc).CR.G(λ).ηopt(λ)
h.c
. dλ,
λi,max
λi,min
   4.3 
Where, λ is the wavelength of the incident photons, λi,min and λi,max correspond to 
the minimum and maximum wavelength for each sub-cell, respectively. EQEi is 
the External Quantum Efficiency, h is Planck’s constant and c is the speed of light 
in the vacuum. 
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The total voltage of the solar cell is the sum of the voltage in each sub-cell and 
can be found by [257]: 
V =
kB.Tc
q
[∑ ni  ln (
JSC,i(Tc)−J
J0,i(Tc)
+ 1)3i=1 ] − J. A. Rs   4.4 
Where kB is Boltzmann constant, Tc is solar cell’s temperature, A is the solar cell’s 
area and Rs is the series resistance. 
The heat (qheat) produced by the solar cell is obtained by: 
qheat = Pin. (1 − ηcell)    4.5 
The change in the surface area of the solar cell and the substrate develops a heat 
flow restriction which is known as constriction effect. The constriction resistance 
is caused by the area change between the heat source and the substrate. Figure 
32 (a) shows the “constriction effect” where the heat flow diverges in the region 
next to the heat sink (substrate) when the heat source surface area is smaller 
than the substrate. However, the heat flow converges in the region next to the 
heat source (substrate) in the case of the heat source surface area is larger than 
the substrate area as shown in Figure 32 (b). In addition, some heat is conducted 
laterally from the heat source [121].  
  
(a) (b) 
 
(c) 
Figure 32. The constriction effect between a heat source and a substrate. 
The thermal resistance network for the CPV receiver is illustrated in Figure 33. 
Spreading and constriction resistances are incorporated into the network and the 
heat flow is assumed to be from the top to the bottom and the heat transferred to 
the ambient using the natural convection effect is neglected in this analysis. 
71 
 
However, in later stages in the numerical analysis, the effect of the natural 
convection is considered. In this figure, Rsub1 is the equivalent thermal 
resistance for the resisters from R1 to R6 and it is represented by: 
1
Rsub1
=
1
R1
+
1
R2+R3+R4+R5
+
1
R6
     4.6 
Rsub2 is the equivalent thermal resistance for R7 and R8 and expressed as: 
1
Rsub2
=
1
R7
+
1
R8
      4.7 
And the total thermal resistance (Rtot) is given by: 
Rtot = Rsub1 + Rsub2 + R9 + R10    4.8 
 
 
(a) (b) 
Figure 33. Schematic of the CPV receivor (a) cross section and (b) thermal 
resistance network. 
The changes of the surface area in the system occur at the bottom of the solar 
cell immediately where the soldering layer spreads the heat to the first copper 
layer and the other surface change is between the interconnectors and the first 
copper layers. Therefore, the total resistance in those two areas are the sum of 
the conduction resistance and the spreading resistance for the expanded area 
and the thermal resistance of each component is as the following: 
R1 = Rcond + Rspread     4.9 
R2 = R3 = R4 = Rcond     4.10 
R5 = R6 = R7 = Rcond  + Rspread     4.11 
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R9 = Rcond      4.12 
4.2.2 MLM heat sink 
A schematic of the MLM heat sink is shown in Figure 34 showing the dimension 
representation. Spreading and constriction resistances have been derived by 
Phillips [121] and incorporated in this model. Also, The thermal resistance 
network of the MLM heat sink under a uniform heat source is presented by Wei 
and Joshi [142]. 
 
Figure 34. Three-dimensional MLM heat sink: spacing (Wc), fins height (Hc), 
thickness (Wf), length (L), base width (W), base thickness (tb). 
Despite the number of layers of the MLM heat sink, four different types of thermal 
resistances exist in the MLM heat sink system; conduction, fins convection, 
constriction, spread and bulk due to the temperature increase in the fluid and they 
are defined as in the following equations: 
Rcond =
t
K W L
      4.13 
Rcont =
ln
[
 
 
 
 
1
sin (
π
2
 
1
1+
Wc
Wf
⁄
⁄
]
 
 
 
 
K W L
     4.14 
Rspread =
ln
[
 
 
 
 
1
sin (
π
2
 
1
1+
Wc
Wf
⁄
⁄
]
 
 
 
 
K W L
     4.15 
Rconv,fin =
1
h.n.L.Wc+2.h.ηf.n.L.Hc
    4.16 
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Rconv,c =
1
h.n.L.Wc
     4.17 
Rbulk =
1
ρ.Cp.vm.n.Hc.Wc
    4.18 
The thermal resistance network is illustrated in Figure 35. The R1 resistance 
considers the heat transfer due to materials conduction and constriction. Then, 
part of the heat is transferred by the fluid and this is considered by R12 i.e. forced 
convection. The other part of the heat is transferred to the next layer using R2 
which considers the conduction heat transfer.  A similar process occurs on the 
other layers where: 
R1 = Rcond + Rcont  
R2 = Rcond  
R3 = Rcond + Rcont + Rspread 
R4 = Rcond  
R5 = Rcond + Rcont + Rspread 
R6 = Rconv,ch  
R7 = Rconv,fin  
R8 = Rconv,ch  
R9 = Rconv,fin  
R10 = Rconv,ch  
R11 = Rbulk  
R12 = Rbulk  
R13 = Rbulk  
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Figure 35. Thermal resistance network for 3-layers MLM heat sink. 
For a uniform heat source on a microchannel heat sink with fully developed 
laminar flow, the microchannel outlet temperature (Tch,out) is a function of the 
outlet HTF temperature (Tf,out)  and is defined follows: 
Tch,out = Tf,out +
qeff
" (Wc+f)
 h.(Wc+2.η.Hc)
    4.19 
Where, qeff is the fluid effective heat and expressed by: 
qeff
" =
Pw
 N.A𝑤
      4.20 
Where, Pw is the heat produced by the solar cell, N is the number of the channels 
and Aw is the channel area: Aw = (2Hch +Wch)L. The HTF outlet temperature is 
obtained by: 
Pf,out =
Pw
 N.Aeff
      4.21 
Tf,out = Tf,in +
qeff
" W.L
 ρf.Qt.Cp.f
    4.22 
The thermal performance of the heat sink depends on the fluid flow 
characteristics and its velocity. The Reynolds number (Re) is used to characterize 
the flow inside the microchannel and is calculated by: 
Re =
ρDhVavg
μ
     4.23 
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Where ρ and μ are the density and viscosity of the fluid, respectively. They are 
evaluated at the mean fluid temperature [146].  Vavg is the average velocity of the 
fluid at each channel and is calculated by: 
Vavg =
V̇
NcAc
     4.24 
Where, ?̇? is the fluid volume flow rate at the manifold, Nc is the total number of 
channels in the heat sink, and Ac is the channel cross-sectional area. The fluid 
flow is considered to change from laminar to turbulent flow at Re=2300.The fluid 
flow development determines the thermal performance of the HTF. Generally, the 
heat transfer rate increases as the fluid flow rate increases. However, increasing 
the fluid velocity leads to an increase in the pressure drop and hence the power 
required to pump the HTF. The HTF pressure drop ΔP inside a rectangular 
channel is expressed by 
ΔP = 4fapp (
L
Dh
) (
ρVavg
2
2 gc
)    4.25 
Where fapp is the apparent friction factor, L is the channel length and gc is 
constant. The apparent turbulent friction factor [258] can be expressed as 
fapp = A (Re
∗)B    4.26 
Where 
A = 0.0929 +
1.01612
L
Dh
⁄
  ,    B = −0.680 −
0.31930
L
Dh
⁄
   
Re∗is called the laminar equivalent diameter of a rectangular channel and it is 
represented using: 
Re∗ = [(2 3⁄ ) + (
11
24⁄  α)x(2 −
1
α⁄  )] Dh  4.27 
Where, (α = b Wc
⁄ ).   
The heat transfer rate per unit area (q") from the channel walls to the HTF is 
found by: 
q" = h∆T      4.28 
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Where h is the heat transfer coefficient and ∆T is the temperature difference 
between the channel wall and the HTF.  
4.3 CPV-MLM numerical analysis 
In this section, a numerical analysis of an MLM heat sink cooling system attached 
to a high concentration single solar CPV receiver has been carried out. The 
analysis includes various MLM heat sink configurations to determine the most 
efficient in terms of the solar cell temperature and the fluid pumping power. The 
geometry of the channel has also been explored. 
4.3.1 Model description 
The modelled system, illustrated in Figure 36, consists of a CPV multi-junction 
(MJ) solar cell assembly (AZURSPACE 3C42) attached to an MLM heat sink. The 
CPV MJ solar cell assembly consists of a solar cell located under a conductive 
layer made of copper. A ceramic layer placed under the copper layer is used as 
electrical insulation. Finally, the full arrangement is placed in a second copper 
layer for thermal conduction purposes. The assembly also consists of two by-
pass diodes and two electrical terminals. However, for simplicity, the diodes are 
not considered in the model. All the CPV assembly dimensions, thickness and 
materials are listed in Table 9 [122]. The solar cell size is 10mmx10mm and is 
made of GalnP-GalnAs-Ge. The electrical efficiency of the solar cell under 
concentration ratio of 500x and standard test conditions (CSTC) is 41.2%. 
 
Figure 36. Schematic of a CPV receiver attached to a MLM heat sink. 
A typical 3-layers MLM heat sink design is shown in Figure 37. All layers are 
stacked in an arrangement with parallel fluid flow. The overall heat sink dimension 
77 
 
is 29mm x27mm (LxW). Different heat sinks have been considered in terms of 
the channel width (Wc), channel height (Hc) and fins width (Wf) as shown in Figure 
37 and Table 10. The top plate thickness (tb1), bottom base thickens (tb2) and 
plate thickness between layers (tb) are kept the same for all heat sinks to 500μm.  
Table 9.  The dimensions and material properties of the CPV parts. 
Layer 
Dimension 
(mm) 
Thickness 
(mm) 
Thermal 
conductivity 
W/ (m.K)  
Heat Capacity 
(J/kg.) 
Density 
(kg/m³) 
GalnP 10x10 0.066 73 370 4470 
GalnAs 10x10 0.067 65 550 5316 
Ge 10x10 0.067 60 320 5323 
Copper I 27x25 0.250 400 385 8700 
Ceramic 29x27 0.320 27 900 3900 
Copper II 29x27 0.250 400 385 8700 
Aluminium - - 160 900 2700 
Solder - 0.125 50 150 9000 
Silver - 0.20 430 235 10490 
 
 
Figure 37. Dimensions of the MLM heat sink showing: spacing (Wc), fins height 
(Hc), thickness (Wf), length (L), base width (W), base thickness (tb, tb1, tb2). 
Table 10.  The varied MLM heat sink dimensions. 
Heat 
sink# 
Width of fin 
Wf (μm)  
Width of channel 
Wc(μm) 
Depth of channel 
Hc(μm) 
1 500 500 500 
2 700 700 500 
3 1000 1000 500 
4 500 500 750 
5 500 500 1000 
 
The thermal boundary conditions of the studied model are shown Figure 38 and 
Table 11. Also, the following assumptions have been considered: 
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• The solar cell is subjected to a uniform solar irradiance of 1000W/m² and 
concentration ratio of 500x and all heat is produced by the Ge sub-cell 
[259]. 
• The ambient temperature is 25°C. 
• Water is selected as the coolant fluid and its properties varies with 
temperature [260,261]. Its inlet temperature is 24°C. 
• Water volume flow rate is 120ml/min. The flow is steady, laminar (Re<165) 
and fully developed in all channels. 
 
Figure 38. Schematic of the computational domains and boundary conditions.  
Table 11.  The model thermal boundary conditions. 
No Region Boundary Condition 
1 CPV top surfaces Natural convection(15W/m²K) 
2 Germanium Sub-cell Heat source (Qh) 
3 Surfaces on bottom and sides of heat sink Thermally insulated 
 
4.3.2 Mathematical formulation 
 COMSOL Multi-physics (version 5.2) has been used to build a 3D numerical 
model using non-isothermal flow [262]. The simulations are conducted in steady 
state study conditions.  Concentrated solar irradiance falls uniformly over the 
outer solar cell sub-cell. The lower solar cell sub-cell (germanium) is considered 
as the heat source [259]. The total heat generated by the system per m² (Qh) can 
be expressed as: 
Qh = (1 − ηelec)Qo      4.29 
Where Qo indicates the total optical power in Watts at the outlet of the 
concentrator and ηelec is the electrical efficiency of the solar cell. The optical 
power considers both the concentration ratio and the concentrator efficiency. The 
solar cell manufacturer has specified the typical solar cell electrical efficiency at 
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500x versus temperature [250]. The electrical efficiency can be expressed using 
a linear relation with temperature as the following:  
ηelec(T) = −5.09x10
−4T + 0.40227    4.30 
Where T is the solar cell temperature between 25°C and 80°C, all CPV assembly 
top surfaces release heat to the environment using natural convection mode and 
the convection heat transfer rate (qconv) is given by:  
qconv = h. A. ∆T      4.31 
Where h is the convection heat transfer coefficient (W/m²K), A is the exposed 
surface area (m²) and ∆T is the temperature difference between the top surface 
and the ambient (K). Also, the heat is transferred to the environment by irradiance 
and its transfer rate (W) is expressed by:  
qrad = ε. σ. A. (Tsurf
4 − Tamb
4 )     4.32 
Where ε is the emissivity of the materials, σ is Stefan-Boltzmann constant, A is 
the radiated surface area, Tsurf  is the surface temperature and Tamb is the ambient 
temperature. However, most of the generated heat is transferred to the lower part 
of the CPV assembly and then to the heat sink by conduction phenomena. Under 
the above assumptions, the governing equations for this 3-D conjugated heat 
transfer problem are as follows [162][163]. 
Continuity equation for the HTF: 
∂u
∂x
+
∂v
∂y
+
∂w
∂z
= 0      4.33     
Where u, v and w are the velocity components in the x, y and z directions, 
respectively.  
Momentum equation for the HTF: 
ρf (u
∂u
∂x
+ v
∂u
∂y
+w
∂u
∂z
) = −
∂p
∂x
+ μf (
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2
)   4.34 
ρf (u
∂v
∂x
+ v
∂v
∂y
+w
∂v
∂z
) = −
∂p
∂y
+ μf (
∂2v
∂x2
+
∂2v
∂y2
+
∂2v
∂z2
)   4.35 
ρf (u
∂w
∂x
+ v
∂w
∂y
+w
∂w
∂z
) = −
∂p
∂z
+ μf (
∂2w
∂x2
+
∂2w
∂y2
+
∂2w
∂z2
)    4.36 
80 
 
Where p is the HTF pressure, ρf and uf are the density and dynamic viscosity of 
the HTF, respectively, and velocity components in the x, y and z directions, 
respectively. 
The energy equation for the HTF: 
ρfCp,f (u
∂Tf
∂x
+ v
∂Tf
∂y
+w
∂Tf
∂z
) = kf (
∂2w
∂x2
+
∂2Tf
∂y2
+
∂2Tf
∂z2
)   4.37 
Where Tf , Cp,f  and kf are the temperature, specific heat and thermal conductivity 
of the HTF, respectively. The energy equation for the solid domain: 
 0 = ks (
∂2Ts
∂x2
+
∂2Ts
∂y2
+
∂2Ts
∂z2
)    4.38 
Where Ts  and ks are the temperature and thermal conductivity of the solid 
domain. The associated boundary conditions for the governing equations for the 
channels in all surfaces as follows:  
HTF inlet:  
  ux=0 = uin,        vx=0 = 0,         wx=0 = 0,       Tx=0 = Tin   4.39 
HTF outlet:  
  px=lx = patm       4.40 
HTF-solid interface:  
  u = v = w = 0,     Tf = Ts,       Tf = Ts ,       −keff
∂Tf
∂n
= −ks
∂Ts
∂n
  4.41 
The correlations of the HTF density (ρf), specific heat  (Cp,f), thermal conductivity 
 (kf), and dynamic viscosity (uf), as functions of HTF temperature are described 
as follows [174] [261]: 
ρf(Tf) = 838.46 + 1.40Tf − 3.01x10
−3Tf
2 + 3.71x10−7Tf
3    4.42 
Cp,f(Tf) = 12010.14 − 80.40Tf + 30.98x10
−2Tf
2 − 5.38x10−4Tf
3 + 3.62x10−7Tf
4     4.43 
kf(Tf) = −86.90x10
−2 + 8.94x10−2Tf − 1.58x10
−5Tf
2 + 7.97x10−9Tf
3    4.44 
uf(Tf) = 1.37 − 21.22x10
−3 Tf + 1.36x10
−4 Tf
2 − 4.64x10−7 Tf
3 + 8.90x10−10 Tf
4 − 9.07x10−13 Tf
5 + 3.84x10−16 Tf
6    4.45 
Where, Tf is the temperature in Kelvin (K).  
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4.3.3 Mesh study 
The computational domain was meshed using a free tetrahedral grid system. In 
order to confirm that the solution is independent on the size of the mesh, the 
model has been meshed with different sizes. As an example, Figure 39 shows 
the average and maximum solar cell temperature changes with the number of 
elements for the two layers MLM heat sink. The number of elements (NoE) has 
been varied between 0.25x106 and 2.5x106. The maximum and average solar cell 
temperatures are constant for the NoE between 1.76x106 and 2.5x106. Therefore, 
the NoE with 1.76x106 has been selected for the 2-layers MLM heat sink. 
 
Figure 39. Grid Independence study for 2-layers MLM heat sink with channel 
cross section of 500x500μm. 
4.3.4 Data analysis 
As pointed out earlier, the solar cell efficiency decreases with the increase of its 
temperature. Therefore, a trial and error iteration approach has been used to find 
the solar cell temperature at the steady state condition, the solar cell temperature 
being initially assumed equal to the ambient temperature. Equations above are 
used to find the solar cell efficiency and the generated heat by the solar cell. The 
model is then solved based on this assumption and a new solar cell temperature 
is found. The new temperature is used to calculate the electrical efficiency and 
hence the generated heat and the model is solved again. The process is repeated 
until the solar cell temperature difference reaches the allowable limit of ≤0.01°C. 
Figure 40 shows the variations in the average solar cell temperature with 
iterations for the various number of layer heat sinks for the channel size of 
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500x500μm. The temperature difference becomes below the limit after the 4th 
iteration in all cases.   
 
Figure 40. Variation of solar cell average temperature with cycle iteration for 
500x500μm channel cross section and 120 ml/min HTF flow rate. 
Any water-cooled heat sink performance is usually characterized using two 
parameters such as thermal resistance and pumping power. The effect of the 
numbers of layers in the heat sink has been investigated for the same channel 
cross section (500x500μm) and 120ml/min HTF flow rate. As shown in Figure 
41(a), both the heat sink thermal resistance and the solar cell maximum 
temperature both decrease with the increase of the numbers of layers for the 
same water mass flow rate. The maximum solar cell temperature was maintained 
below 69°C for all the heat sink arrangements.  
  
(a) (b) 
Figure 41.  The MLM heat sink using 500x500μm channel cross section (a) 
thermal resistance and (b) maximum solar cell temperature 
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The temperature on the solar cell surface has to be uniform for maximum 
electrical efficiency. Figure 42 shows the temperature distribution in the solar cell 
surface for different number of layer heat sinks. It can be observed that the 
maximum temperature zone in the solar cell surface is located at the outlet fluid 
side. Also, the increase of the number of layers reduces the temperature non-
uniformity of the solar cell by 6°C between the 1-layers and 3-layers arrangement.  
  
(a)   (b)  
  
 (c)  (d)  
 
Figure 42.  Solar cell surface temperature using MLM heat sink with 500x500μm 
channel cross section and 120ml/min flow rate for (a) 1-layer, (b) 2-layers, (c) 3-
layers and (d) 4-layers. 
The increase of the number of layers in the heat sink leads to a lowering in the 
fluid mass flow rate in each channel and reduces the pressure drop along the 
channel. Figure 43 (a) shows that the heat sink total pressure drop has been 
reduced by 50% when using the two-layer MLM heat sink compared to the single 
layer heat sink pressure drop. However, the pressure drop starts to decrease 
slightly for the 3-layers and 4-layers heat sinks. In addition, the pumping power 
has been reduced significantly for the double layer heat sink compared to the 
single heat sink layer but the change in the pumping power is slightly decreased 
for the three and four layers compared to double number of layer heat sink.   
(°C) 
Inlet Outlet 
Inlet Inlet 
Outlet 
Outlet 
Outlet 
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(a) (b) 
Figure 43.  Effects of the number of layers of MLM heat sink for 500x500μm 
channel cross section (a) pressure drop and (b) pumping power. 
4.3.4.1 Geometry 
The aspect ratio value is defined as the ratio between the height of the channel 
to its width. Three channel heights have been considered: 500μm, 750μm and 
1000μm for fixed channel width (500μm) i.e. the aspect ratios are 1, 1.5 and 2 
respectively. Hence, the number of channels in each layer remains the same. 
The effect of variation of the channel height and width on the heat sink thermal 
resistance and solar cell maximum temperature has been investigated using the 
3-Layers MLM heat sink as shown in Figure 44. It shows that increasing the 
channel height decreases the thermal resistance of the heat sink from 1.092K/W 
to 1.01K/W for 500µm and 1000µm, respectively. Concurrently, the maximum 
solar cell temperature decreases by 3°C as the channel height increases by the 
double.  
 
Figure 44.  The thermal resistance and solar cell maximum temperature for 
various MLM heat sink channel heights and 120ml/min HTF flow rate. 
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The temperature uniformity of the solar cell surface is another measure for a 
maximum electrical efficiency. Figure 45 shows the temperature distribution in 
the solar cell surface for different number of layer heat sinks. It can be observed 
that the maximum temperature zone in the solar cell surface is located at the HTF 
outlet side. Also, the increase of the number of channel height reduces the 
temperature non-uniformity of the solar cell by 2°C as the channel height 
increases from 500 µm to 1000 µm by the double. 
  
(a)  (b)  
 
(c)  
 
Figure 45.  Solar cell surface temperature distribution for the MLM heat sink of 
500μm channel width and a channel height of (a) 500μm, (b) 750μm and (c) 
1000μm for 120ml/min HTF flow rate. 
The pressure drop and the pumping power of the HTF for various channel heights 
are shown in Figure 46. It noticed that the fluid pressure drop decreases 
dramatically from around 200 Pa for 500μm microchannel height to just 50 Pa for 
1000μm microchannel height. This decrease in the pressure drop leads to a 
(°C) 
Inlet Outlet Inlet Outlet 
Inlet Outlet 
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reduction in the power required for the fluid pumping. This is very important in 
increasing the overall system efficiency of the CPV-MLM system.  
The effect of the channel width has been investigated by considering three 
channels widths of 500μm, 750μm and 1000μm for a fixed channel height of 500 
μm. In this case, the number of channels in each layer increases with the 
decrease of the channel width. The effect of variation of the channel height and 
width on the heat sink thermal resistance and solar cell maximum temperature 
has been investigated using the 3-Layers MLM heat sink as shown in Figure 47. 
It shows that thermal resistance reduces slightly by 0.02 K/W as the channel 
width is increased from 500μm to 1000μm. Also, the figure shows that the 
channel width has a slight effect on reducing the maximum solar cell temperature 
from 57.76°C to 57.14°C as the channel’s widths increased from 500μm to 
1000μm, respectively. 
 
 
(a) (b) 
Figure 46.  Effect of the channel height for the MLM heat sink in the (a) 
Pressure drop and (b) Pumping power for 500μm channel width at HTF flow 
rate of 120ml/min. 
 
Figure 47.  The thermal resistance and solar cell maximum temperature for 
500μm channel height and various channels widths for 120ml/min HTF flow 
rate. 
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Figure 48 show the pressure drop and the pumping power of the HTF for various 
channel widths for HTF flow rate of 120ml/min. It can be seen that the pressure 
drop decreases as the channel width increased. However, the wider channel 
impact of the pressure drop is less in the channel width compared to the channel 
height due to the change of the fluid flow characteristics. An interesting 
observation is that the fluid pumping power increases as the channel width 
increases although the pressure drop decreases. This could be understood by 
the fact that the velocity of the fluid at the channel inlet increases as the channel 
width increases. 
  
(a) (b) 
Figure 48.  The effect of the channels width on the pressure drop for the MLM 
heat sink of channel height of 500μm for 120ml/min HTF flow rate. 
4.3.4.2 Materials 
The effects of thermal conductivity of the microchannel materials used in the 3-
layers MLM heat sink has been studied in the current work. The thermal 
conductivities studied are 50 W/ (m.K), 283 W/(m.K), 400 W/(m.K) and 160 
W/(m.K), corresponding to steel, silicon carbide, copper and aluminium, 
respectively. As can be seen from Figure 49  that using copper is the most 
appropriate materials due to its low thermal resistance and the solar cell 
temperature of 0.488K/W and 41.53°C, respectively. However, a slight difference 
between the copper and silicon carbide has been noticed in their heat sink 
thermal resistance and the solar cell temperature. The MLM heat sink of 
microchannel plates made by steel experience the highest thermal resistance 
and solar cell temperature. 
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Figure 49.  Variation of thermal resistance and solar cell temperature for 
different materials for 3-layers MLM heat sink for 120ml/min HTF flow rate. 
4.4 Experimental work 
The numerical analysis showed the ability of the proposed MLM heat sink to 
regulate the temperature of the CPV system. In this section, an experimental work 
has been conducted to examine the CPV-MLM system using various working 
conditions. 
4.4.1 Microchannel plate fabrication 
Microchannel plate can be fabricated by several methods depending on the 
channel dimensions and materials. Micro-sawing is used to fabricate rectangular 
channels in metal or silicon of channels ranges of 0.1-1mm with high or low 
aspect ratios [120]. Also, the micro-sawing is classified as low cost method in the 
microchannel fabrication and offers a better surface finish compared to other the 
manufacturing techniques [120]. In this study, a very precise cutting disk of a 
thickness similar to the desired channel width has been used. The channel height 
is controlled by moving the disc up and down. The machine is equipped with a 3 
axis digital readout kit for a better cutting accuracy with a resolution from 0.1 μm 
to 500μm .The machines was operated manually so every channel has been cut 
individually and after completing the channel cut, the disc is moved to the other 
channel and so on.  
In this study, the microchannel plates have been made from aluminium and its 
width (W) and length (L) are 32mmx30mm, respectively. The other microchannel 
dimensions are shown in Figure 50 and Table 12.  A microscope scan has been 
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used to inspect the channels shape to ensure that the sides of the channels are 
straight and of right angles. As can be seen in Figure 50 (b) the channels vertical 
walls are properly achieved, and no significant inclination is visible. Moreover, the 
bottom surfaces of the channels are relatively smooth. 
 
 
(a) 
 
(b) 
 
(c) 
Figure 50. Schematic of (a) 3-layers MLM heat sink, (b) Microscopic image of  
the side of the microchannel plate and (c) surface finish under the microscope.  
Table 12.  The dimensions of the MLM heat sink microchannel plates. 
thickness of 
fins 
Wf (μm)  
Width of channel 
Wc(μm) 
Height of channels and 
fins 
Hc(μm) 
Base 
thickness 
tb(μm) 
500 500 1000 1000 
4.4.2 MLM heat sink test module 
The test module, illustrated in Figure 51, is designed to stack the microchannel 
plates between 1 and 4 layers. The test module case is made of a transparent 
acrylic and consists of two pieces; top and bottom. Bolts are used to join the case 
pieces and to stand to any pressure forces. A rubber sealing is place between 
the top and bottom parts to prevent any fluid leakage during the testing. The HTF 
inlet and outlet ports are at the sides of the test module case using 8mm diameter 
copper connectors. The space between the inlet and the MLM entrance are kept 
for a fully developed HTF flow. The HTF inlet and outlet temperatures are 
measured using 1mm K type stainless steel thermocouples, which are inserted 
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just after the inlet and just before the outlet ports; respectively. The pressure drop 
across the MLM heat sink is captured using two pressure ports using 8mm copper 
connectors. A 0.5mm K type stainless steel thermocouple has been inserted into 
the middle channel of the first layer to measure the temperature at this location. 
The other thermocouples are distributed in according to the experiment type of 
either using the ERH heat source or CPV and this will be detailed at each section 
separately. 
 
(a) 
 
  
(b) 
Figure 51. The MLM heat sink moudle (a) the photograph (top view) and (b) the 
schematic (isometric view). 
4.4.3 HCPV single solar cell module 
The HCPV module design used in this study was developed with the help of Dr. 
Katie Shanks at the University of Exeter [251,263–266]. The module was 
modified to accommodate the MLM heat sink at the back of the CPV receiver for 
the thermal regulation purpose. Therefore, this section will present a brief 
theoretical description of the main design parameters and dimensions for the 
selected HCPV module. Then, the characteristics of the materials such as 
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transparency and reflectance are investigated. Finally, the manufacturing 
process of the module is described.  
4.4.3.1 Design concept 
The selected HCPV module is a two-stage reflector. The main advantage 
features of the two-stage reflector is the compressed size and the upward facing 
receiver [264]. The two-stage reflector uses a cassegrain set up [267]. This 
system is considered to have lower acceptance angles than the Fresnel lens 
system but can reach higher concentration ratios. The system as proposed by 
Shanks et al. [264] consists of primary reflector, secondary reflector, 
homogeniser, solar cell assembly and a heat sink as shown in Figure 52. In the 
cassegrain setup, the light rays from the sun are firstly received by the primary 
reflector and then concentrated to the secondary reflector. Then, the 
concentrated rays are reflected to the homogeniser and finally to the solar cell. 
 
Figure 52. Cassegrain concentrator parts and light path. 
The aimed geometric concentration ratio for the setup was 529x with a solar cell 
area of 1cm². Therefore, the design of the primary reflector should consider this 
concentration ratio, the divergence of the sun rays (approximately ±0.27°), and 
the shading caused by the secondary reflector. The secondary reflector allows 
the height of the module to be shortened and the receiver to be upward facing 
with cooling management at the back of the module. The use of homogeniser is 
to improve the irradiance uniformity on the solar cell surface. So, the homogeniser 
has been proposed as square pyramid shape made of solid transparent 
materials. 
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The primary reflector geometry is defined using the focal point, f, radius, r and 
depth, y of a parabola and are related using the following: 
r2 = 4fy                       4.46 
The primary and secondary reflectors have been selected with square cuts [264]. 
The primary width is hence 230mm although the full uncut diameter (2r) is 
325.27mm and the depth (y) is 31.64mm. The secondary reflector has been 
chosen of width 50mm. The pyramid homogeniser has a height of 75mm, input 
width of 30mm and an output width of 10mm.  
The optical efficiency of the module depends on the optical properties of the cover 
glass, the primary reflector, the secondary reflector, and the homogeniser. This 
is controlled by the materials used in the manufacturing and their degradation 
with time. This is easily found using transparency and reflectance measurements 
as investigated in section 4.4.3.2. 
The tracking error is also a source of optical loss for the concentrating system. In 
this setup the tracking error for ±1° is estimated to have an optical efficiency 
ranged between 84.82-81.89%. An increased tracking error of 1.5° causes an 
estimated optical efficiency drop to 55.49%. A possible source of error due to 
module dimensions could also affect the optical efficiency. This includes the 
perfect alignment between the solar cell and the homogeniser exit aperture. A 
0.1mm alignment tolerance produces a maximum optical efficiency of 84.82%.  
4.4.3.2 Materials characteristics 
The materials used to build the module have been characterized in this study. 
This includes the transparency of both the cover glass and the homogeniser, 
reflectance of the primary and the secondary reflectors. The low iron glass cover 
transmittance has been measured of approximately 90% in the wavelength 
ranged between 400-1500nm as shown in Figure 53.  In this module, the selected 
material of the primary reflector is plastic due to its light weight compared to the 
metallic ones. Also, the plastic can be shaped accurately using CNC machining 
and achieve a higher degree of smoothness after post-polishing processes. This 
material is recommended to a maximum working temperature of 60°C. However, 
due to the expected high temperature on the secondary reflectors which receive 
concentrated light, a plastic secondary would not be able to sustain the high 
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temperatures. So, aluminium has been selected as the best to use for this 
application. The reflectance percentage of the primary and secondary are shown 
in Figure 53. The figure shows a higher reflectance percentage of the primary 
reflector of more than 90% compared to the secondary reflector.  
 
Figure 53. Transmittance and reflectance of the HCPV components. 
Two types of homogeniser materials have been tested; crystal resin and glass. 
As expected, the glass transparency is better than the crystal resin homogeniser. 
The glass homogeniser experiences a transparency of more than 90% in the 
wavelength range between 400 and 850nm whereas the crystal resin 
transparency is of 70% in the wavelength range between 400nm and 850nm.  
 
 
(a) (b) 
Figure 54.Transmittance spectra of (a) glass and (b) crystal resin.  
The transmittance of the homogeniser made of crystal resin is expected to 
degrade with time and hence effects the concentration ratio. During the indoor 
experiments of the HCPV-MLM system, it has been noticed that the homogeniser 
made of the crystal resin started melting/burning from the top due to the high 
concentration as shown in Figure 55. On the other hand, no burns marks have 
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been noticed on the homogeniser made from glass. Therefore, crystal resin is not 
a good selection of materials to be used for the homogeniser in a high 
concentration application. 
 
Figure 55.Burn marks in the crystal resin homogeniser (left) and the glass 
homogeniser (right). 
The transmittance of the glass homogeniser is noticed not affected by the high 
temperature and during running the HCPV-MLM experiments of using the glass 
homogeniser, it could withstand the high temperature with no visible effects on 
its structure and finish. Therefore, both the indoor and the outdoor experiments 
have been run using the glass homogeniser.  
The homogeniser was supported using a structure similar to the one proposed 
by Shanks et al. [251]. For simplicity, a 3D printer was used to produce this 
structure. The main desired property of the materials is to be able to withstand 
the load of the homogeniser weight and the high temperature due to the effect of 
the high solar concentration. The material was ABSplus-P430. It deflects at 96°C 
under 66psi and at 82°C under 264psi. The optical losses summary from the 
different optical components are shown in Table 13. The table shows the optical 
efficiency of the system varies between 55.49% and 84.89% depending of the 
tracking error angle. 
Table 13.  Optical loses from different optical stages. 
Stage Optical efficiency 
Cover glass transparency 90% 
Primary reflectance 90% 
Secondary reflection 80% 
Homogeniser transparency 92% 
Sylgard (1mm) thickness 95% 
Tracking error (1.5°) 55.49% 
Tracking error (1°) 84.82-81.89% 
Misalignment(0.1mm) 84.82% 
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4.4.3.3 HCVP-MLM module assembly 
The first step to assemble the module was attaching the homogeniser to the CPV 
assembly. Sylgard 184 was used to attach the two pieces together. Five 
thermocouples were fixed at this stage located at the middle of the solar cell 
surface and four thermocouples to measure the corners of the copper plate 
substrate. Firstly, aluminium foil was used to create a barrier around where the 
homogeniser was to be placed to avoid sylgard leakage during the curing. Then, 
the thermocouples were place at their positions and the homogeniser laid at the 
top of the solar cell surface. Finally, the sylgard was injected using a syringe with 
a fine needle to fill the space between the solar cell and the homogeniser. The 
sylgard should be injected carefully to the system so that no air is trapped 
between the homogeniser and the solar cell. The needle was place at one corner 
of the solar cell and then a small amount of sylgard was injected to the system 
and left to flow within the area. The displacement of the air by the sylgard should 
be visible at the top of homogeniser. When needed, more sylgard was applied to 
ensure a full cover over the solar cell area. Finally, the setup was left to cure at 
room ambient temperature for 24 hours. Figure 56 shows the final setup of the 
CPV assembly and the homogeniser. 
 
Figure 56. Photo of refractive homogeniser attached to the CPV assembly. 
Figure 57 shows the side view and top view of the supported structure attached 
to CPV-homogeniser assembly. The top view shows that the homogeniser is 
accurately fixed at the top of the solar cell and the sylgard is properly distributed 
without any visible trapped air bubbles. Also, the thermocouple can be seen from 
this view at the middle of the solar cell. 
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(a) (b) 
Figure 57. Photographs of the 3D printed support structure (a) side view, (b) the 
view from the entry aperture of the homogeniser 
The next step to assemble the module is by attaching the heat sink to the 
previously assembled system (CPV assembly and homogeniser). For thermal 
conductivity enhancement and to fill any air gap between the CPV-homogeniser 
assembly and the microchannel top plate produced by the bended surface for 
both sides, a heat sink compound from RS was used. It is a metal oxide paste of 
thermal conductivity of 0.65 W/m.K. The compound was applied equally across 
the surface of a thickness of less than 0.5mm.  The assembled CPV-MLM without 
the optical part is shown in Figure 58.   
 
Figure 58.CPV-MLM heat sink assembly. 
Attaching the optical case (the primary and secondary reflectors) to the previous 
assembly was another critical part of the assembly to ensure that all the 
concentrated rays fall onto the top of the homogeniser and in a uniform pattern. 
So, a laser beam device was used to ensure that a proper reflectance of rays 
onto the solar cell could be seen. Figure 59 shows the laser beam reflectance at 
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various locations. It can be noticed that beam is reflected at the top of the 
homogeniser even at the extreme corner of the primary reflector which means a 
proper concentration across the homogeniser surface.     
 
Figure 59. A photograph showing the laser beam reflection at the top of the 
homogeniser. 
The final HCPV-MLM setup is shown in Figure 60. The side view shows the MLM 
heat sink at the bottom of the HCPV module with all thermocouples, electrical 
terminal and HTF pipe connections.  
  
(a) (b) 
Figure 60. Photograph of the HCPV-MLM heat sink (a) side view and (b) top 
view. 
4.4.4 Experimental setup 
As explained earlier, three types of experiments have been conducted to evaluate 
the MLM heat sink into different working conditions; non-uniform heat test for a 
heating load of less than 30W, HCPV-MLM indoor experiments and HCPV-MLM 
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outdoor experiments. In this section, the experimental setup of each experiments 
is descried individually because of their difference at each condition.  
4.4.4.1 Non-uniform heat source-MLM experiments setup 
A schematic and a photograph of the experimental setup of the non-uniform heat 
source-MLM heat sink are shown in Figure 61. The experimental setup consists 
of a heat sink testing module, HTF circulation bath with a built-in pump, a variable 
area glass flowmeter, differential pressure meter, K-type thermocouples, data 
logger and a desktop computer. A HTF with constant volume flow rate and inlet 
temperature is supplied using the circulation bath at a temperature of 24°C. The 
HTF volume flow rate is measured using the variable area flowmeter and 
controlled using a built-in needle valve. The cold HTF picks up the heat from the 
MLM heat sink and passes to the circulation bath.  K-type thermocouples are 
placed in the inlet, outlet and within the test module in different locations as shown 
in Figure 62(b). The temperature is recorded with an interval of 10 seconds until 
the steady state is reached. 
 
(a) 
 
(b) 
Figure 61. The non-unifrom heat source-MLM heat sink experimental setup(a) 
schematic and (b) photograph. 
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As explained above that, this study is dealing with thermal behaviour of the MLM 
heat sink under non-uniform heat source. Therefore, the solar cell in the CPV 
assembly has been replaced by an electrical resistance heater (ERH) to simulate 
the heat load generated by the CPV. The ERH power rating is 30W and its size 
of 10mmx10mm and is operated using a DC power supply.  
 
Figure 62. modified CPV assembly attached to the MLM heat sink module. 
A typical test run is started when the test module was assembled and all 
instruments were connected. The modified CPV assembly was attached to the 
top layer of the heat sink and a thin layer (<1mm) of thermal transfer paste was 
used for better thermal conductivity between the two plates. The de-ionized water 
was used as the HTF throughout the experiments. Before starting any test, he 
de-ionized water was circulated from the right to left direction at a temperature of 
24°C and to the desired flow rate for 1 hour to ensure the temperature of the heat 
sink is uniform, at its initial temperature conditions and to remove any trapped air 
from the loop. Throughout the experiments, water inlet temperature was allowed 
to vary between 24±0.1°C. The experiments were started by switching on the DC 
power supply and the data logger. Then, the experiment was monitored to reach 
the temperature steady state condition. The steady state was to be achieved 
when the temperature variations in all thermocouple’s measurements are of less 
than 0.1°C.  The pressure drop measurements were recorded manually. The HTF 
flow measurements were verified manually using a conventional glass water 
column and stop watch method.  
4.4.4.2 HCPV-MLM indoor experiments setup 
A photograph of the HCPV-MLM heat sink indoor experimental setup is shown in 
Figure 63. It consists of the solar simulator, I-V tracer, the HCPV-MLM heat sink 
module, water circulation bath, a variable area glass flowmeter, a differential 
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pressure meter, K-type thermocouples, data logger and two desktop computers. 
The electrical terminals of the HCPV module were connected to the I-V tracer 
and the HTF connections were connected to the flowmeter, the differential 
pressure meter. K-type thermocouples were placed at the HTF inlet, outlet, solar 
cell temperature and the four corners of the substrate. The temperature was 
recorded with an interval of 10 seconds until the steady state reached. 
 
Figure 63. Indoor HCPV-MLM experimental setup. 
Before starting any tests, the solar simulator irradiance was adjusted and 
calibrated to the desired irradiance output.  This was controlled by varying the 
light intensity and measuring using the calibrated silicon cell. The calibration 
process was detailed in chapter 3.  
A typical test run was started when the both the electrical and the fluid 
connections were connected as shown in Figure 63. In order to protect the solar 
cell from any sudden increase in its temperature, water was circulated from at a 
temperature of 24°C and to the desired flow rate. Similar to the non-uniform heat 
source-MLM heat sink experiments, throughout the experiments, water inlet 
temperature was allowed to vary between 24.1°C and 23.9°C. The experiments 
were started by opening the lamp shutters of the solar simulator and by switching 
the data logger to the scanning mode. The output electrical power and the I-V 
curve were scanned in 1 minute interval. The experiment was monitored for 
reaching the temperature steady state condition of temperature variations in all 
thermocouple measurement of less than 0.1ºC.  The volume flow measurements 
were verified manually using a conventional glass water column and stop watch 
method.  
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4.4.4.3 HCPV-MLM outdoor experiments setup 
The outdoor test location was selected at the roof of the ESI building (50°10’15.8” 
N, 50°07’40.4” N) at the university of Exeter, campus Penryn, UK. The selected 
days of running the outdoor tests were with fully sunny or partly clouded.  All the 
outdoor tests were run during September. The solar group at the university has 
their own weather station than can take the measurements of the global, direct 
and diffused solar irradiance continuously. In addition, the ambient temperature 
and wind speed and direction measurements were recorded.  
A schematic and a photograph of the HCPV-MLM outdoor experimental setup is 
shown in Figure 64. The experimental setup consists of the HCPV-MLM module, 
solar tracker, I-V tracer, HTF circulation bath, variable area glass flowmeter, 
differential pressure meter, K-type thermocouples, data logger and a desktop 
computer. The electrical terminals of the solar cell are connected to the I-V tracer, 
the HTF inlet connection is connected to the outer flowmeter side and the outlet 
HTF heat sink side is connected to the circulation bath.  
 
Figure 64. Outdoor HCPV-MLM experimental setup. 
The solar tracker is considered as a very sensitive to the level and to the weight 
of the module, so a special attention has been taken for a precise sun tracker. 
The level of the tracker has been adjusted using the level instrument to the 
acceptable level. Also, the HCPV-MLM module has been attached to the solar 
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tracker with the right alignment and surface level. Finally, the weight of the HCPV-
MLM module has been balanced using a counter weight in the other side of the 
solar tracker support.  
A typical test run is started when all the instruments are connected and the solar 
tracker is switched on to track the sun. The electrical and thermal output are 
recorded simultaneously where the I-V curve is recorded every 1 minute and the 
temperature measurements are recorded every 10 seconds. 
4.5 Results and discussion 
In this section, the results of experimental and numerical work are presented for 
the different three experiments; MLM-non-uniform heat source experiments; 
HCPV-MLM indoor experiments and HCPV-MLM outdoor experiments. 
4.5.1 MLM thermal analysis using non-uniform heat source 
The actual solar cell heating map is non-uniform over the centre of the top surface 
MLM heat sink. So, the current experimental study illustrates how the thermal 
performance of the MLM heat sink change with this non-uniformity.  The constant 
heat source power enables to reach the study state and hence to evaluate the 
heat sink under this state.  
4.5.1.1 Test matrix for the non-uniform heat source-MLM heat transfer 
experiments 
A list of controlling parameters is shown in Table 14. It shows that the number of 
the stacked layers in the heat sink was varied of 1, 2, 3 and 4 layers. For a fixed 
layer, the heating power was varied in a range between 5W and 30W and the 
HTF flow rate was varied from 30ml/min to 60ml/min.  
Table 14.  Non-uniform heat source on MLM heat source testing matrix. 
Parameters Value 
Heating power(W) 5, 10, 15, 20, 25 & 30 
HTF flow rate (ml/min) 30, 40, 50 & 60 
Number of layers 1, 2, 3 & 4 
In the current experiments, the flow pattern was maintained in a parallel flow in 
all layers. The HTF flow rate was closely monitored during the test in case of any 
change to the sited amount due to the pump pressure drop. Also, the HTF inlet 
temperature was monitored and adjusted accordingly due to the effect of the 
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change of the ambient temperature. For each flow rate, the power input was 
increased from 5W to the maximum output of 30W using the DC power supply. 
The DC power supply has a limit of 80 V and 5 A. As the characteristic ERH was 
around 15 Ω. A small voltage/current fluctuation during the experiments was 
noticed and this had been adjusted at that time. 
For each layer test run, the test case was opened for changing the layers, so a 
special attention was taken to setup all the layers, thermocouples and test case 
parts to their original place to allow a valid comparison between all the cases 
under same conditions. 
4.5.1.2 Numerical model validation  
The computational domain was meshed using the free tetrahedral grid system. 
In order to confirm that the solution is independent of the size of the mesh for 
each case, the domains were meshed using different mesh elements sizes. Table 
15 shows the variation of the maximum heat source temperature and the HTF 
outlet temperature with the number of elements (NoE). The number of elements 
has been varied between 560765 and 1669580. The maximum heat source 
temperature remains constant for the number of elements between 1510497 and 
1669580. On the other hand, it is noticed that no change of the maximum heat 
source temperature and the HTF outlet temperature when using the NOE 
between 879992 and 1669580. Therefore, the mesh of NoE with 1510497 was 
selected for numerical analysis.  
Table 15.  Calculated temperatures with the variation of number of elements for 
the 3-layers MLM heat sink, 30ml/min and 15W power rate. 
Number of elements 560765 712539 879992 1510497 1669580 
Element 
size of 
domain 
Water (fluid dynamics) Normal fine Fine Finer Extra fine 
Remaining (general 
physics) 
Normal fine 
Extra 
fine 
Extra fine 
Extremely 
fine 
Calculated 
parameters 
Maximum heat source 
temperature(ºC) 
49.31 49.31 49.29 49.29 49.29 
Fluid outlet 
temperature(ºC) 
31.70 31.70 31.70 31.70 31.70 
Next, the CFD model has been validated using experimental results of the same 
parameters. The HTF outlet temperature and the temperature for the heat source 
have been used for the validation for all the layers arrangements and of heater 
powers ranged from 5W to 30W. Figure 65 compares between the experimental 
and the simulation results of the heat source temperature and the HTF outlet 
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temperature for the MLM heat sink with varied layers ranged between 1 and 4 
and a HTF volume flow rate of 30ml/min and HTF inlet temperature of 24°C. The 
average difference between the numerical and experimental of the HTF outlet 
temperature is 1.25°C and a maximum difference of 3.30°C occurred at 25W of 
the 3-layers heat sink. However, more average difference of the heat source 
temperature between the numerical and experimental is found of 2.58°C. This 
shows a good estimation of the numerical model and will be used to explore the 
thermal characteristics of the system. 
 
(a) 
 
(b) 
Figure 65.  The simulation and experimental results for 30ml/min HTF flow rate 
of varied layers for (a) the temperature of the heat source at the middle top 
surface and (b) HTF outlet temperature. 
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4.5.1.3 Effects of number of layers on MLM performance 
The effect of number of layers on the performance of the MLM heat sink is 
investigated in this section for variable number of layers ranged between 1 and 
4. Figure 66 shows the thermal resistance of MLM heat sink and heat source 
surface temperature for different number of layers of a HTF flow rate of 30ml/min 
and 15W power rate. The thermal resistance decreases by 17% as the number 
of layers increases from 1-layer to 2-layers. However, a slight decrease of the 
thermal resistance of 2% is noticed when the number of layers increased to 3 and 
4 layers. Also, the figure shows the heat source surface temperature for the 
various number of layers arrangement. The temperature decreases as the 
number of layers increases from 1-layer to 2-layers by 5.21°C and less 
temperature reduction is noticed when increasing the number of layers from 3 to 
4. 
 
Figure 66.  The thermal resistance and heat source temperature of the MLM 
heat sink versus the number of layers of 30ml/min HTF flow rate and 15W 
power rate. 
A more investigation on the temperature uniformity on the heat source top surface 
temperature has been conducted. Figure 67 shows the measured temperature 
distributions of the surface of the heat source in 9 sections for the different 
number of layers heat sinks. The results show that the average and the standard 
deviation of the measured temperatures decreases as the number of layers 
increases. It can be clearly noticed that the centre of the heat source (section 1) 
suffers the maximum temperature of all the other sections and a wide difference 
between this temperature and the other locations within the heat source of a 
maximum difference of 12.01°C in the 2-layers MLM heat sink. This temperature 
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Inlet Outlet 
difference causes an increase of temperature non-uniformity across the heat 
source surface and hence the standard deviation. Despite the maximum 
temperature value (section 1), the single layer MLM heat sink is the most 
temperature variable around the heat source (sections 2-9) of a standard 
deviation of 4.30. Interestingly, 2-layers MLM heat sinks experiences less 
temperature non-uniformity compared to the 3-layers MLM heat sink of a 
standard deviation of 3.86 and 4.05, respectively. 
41.61 43.51 45.40 
42.37 55.71 46.76 
43.14 45.82 48.50 
Standard deviation: 4.30 
Average: 45.87°C 
38.49 38.84 39.19 
38.53 50.50 39.13 
39.08 39.08 39.08 
Standard deviation: 3.86 
Average: 40.22°C 
(a) (b) 
38.18 38.37 38.57 
39.34 49.91 37.63 
37.76 37.23 36.70 
Standard deviation: 4.05 
Average: 39.30°C 
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7 8 9 
 
(c) 
Figure 67.  The heat source temperature distribution of 30ml/min HTF flow rate 
and 15W power rate for (a) 1-layer, (b) 2-layers and (c) 3-layers MLM heat sink. 
A close look into the temperature distribution across the heat source surface is 
obtained using the contour representation from the numerical solution and it is 
shown in Figure 68. It can be noticed that the hot spot shifted to the centre of the 
heat source as the number of layers increases. In addition, the temperature 
distribution of the heat source edge near to the downstream becomes more 
uniform as the number of layers increased. Not much visible difference between 
the 3-layers and 4 layers heat sinks in terms of the hot spot distribution and the 
temperature uniformity.  
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(a) (b) 
  
(c) (d) 
Figure 68.  The heat source surface temperature contours MLM heat sink of 
30ml/min HTF flow rate and 15W power rate for (a) 1-layer, (b) 2-layers and (c) 
3-layers and (d) 4-layers. 
An isotherm of the full heat sink module for the different layer heat sinks is shown 
in Figure 69. It can be noticed that less temperature is experienced by the 
microchannel plates especially at the edges. This implies an opportunity of using 
the MLM heat sink in the CPV applications by decreasing of the CPV receiver 
assembly in smaller size so that less heat sinks materials used and less fluid flow. 
The thermal efficiency of the MLM heat sink and the HTF outlet temperature are 
shown in Figure 70. As seen from the figure, the thermal efficiency has been 
improved significantly by 20% when the number of layers increases from 1 to 3-
layers. This is due to the increase of the HTF outlet temperature from 29.7°C to 
31.1°C for the 1-layer and 3-layers MLM heat sinks, respectively. However, no 
effect on the thermal efficiency and the HTF outlet temperature have been noticed 
when the number of layers increased from 3-layers to 4-layers.  
(°C) 
Inlet Outlet Outlet Inlet 
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(a) 
 
(b) 
  
(c) (d) 
Figure 69.  The MLM heat sink isotherms of 30ml/min HTF flow rate and 15W 
power rate for (a) 1-layer, (b) 2-layers and (c) 3-layers and (c) 4-layers. 
 
Figure 70.  The thermal efficiency and the HTF outlet temperature of the heat 
sink versus the number of layers of 30ml/min HTF flow rate and 15W power 
rate. 
The hydrodynamic characteristics are as important as the thermal performance 
in evaluating the effect of the number of layers in the MLM heat sink. Pressure 
drop across the heat sink is one of these characteristics in which it effects the 
pumping power. Figure 71 shows the effect of layers in the pressure drop. It can 
be noticed that the pressure drop decreased as the number of layers increased. 
(°C) 
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An approximate 4 mm H2O pressure drop reduction of increasing of each layer 
where the pressure for the MLM heat sink of 1-layer and 3-layers are 16.6 and 
8.29mm H2O, respectively. 
 
Figure 71.  The HTF pressure drop across the MLM heat sink versus the 
number of layers of 30ml/min HTF flow rate and 15W power rate. 
4.5.1.4 Effect of the power rate 
Total thermal resistances for different power input rate for the 3-layers MLM heat 
sink with 30ml/min flow rate are shown in Figure 72. As can see from the figure, 
the total thermal resistance of the heat sink increases slightly with increasing the 
power rate from 5W to 30W for the same HTF flow rate of a difference of 0.08 
K/W. This shows the ability of the heat sink to undertake a wide range of power 
rate with a slight change in the thermal resistance. 
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Figure 72.  The thermal resistance and heat source temperature versus the 
power rate of 3-layers MLM heat sink of 30ml/min HTF flow rate. 
As expected, a significant increase of the heat source temperature as heat source 
power rate increases from 5W to 30W for the same HTF flow rate. The 
temperature of the heat source is doubled when the power rate increases from 
5W to 30W of a difference of 45°C. However, the heat source temperature on the 
worst case at 30W is 77.48°C which is within the recommended temperature of 
the solar cell manufacturer (80°C).  
Figure 73 shows the temperature distributions on the surface of the heat source, 
average temperature and standard deviation for 3-layers MLM heat sink of 
30ml/min HTF flow rate for various power rates. The results show an increase of 
the temperature non-uniformity within the heat source as the power rate 
increases and this is the same for the standard deviation. For 5W power rate, the 
temperature varies with a standard deviation of 1.25°C and with an average 
temperature of 29.18°C. A significant increase of the standard deviation in the 
30W power rate of 9.03°C in the 30W power rate and of an average temperature 
of 54.09°C. 
28.63 28.74 28.86 
29.11 32.49 28.67 
28.93 28.71 28.48 
Standard deviation: 1.25°C 
Average: 29.18°C 
38.19 38.38 38.57 
39.35 49.91 37.64 
37.77 37.24 36.71 
Standard deviation: 4.05°C 
Average: 39.31°C 
(a) (b) 
52.61 52.80 52.99 
54.15 77.48 50.33 
49.96 48.81 47.66 
Standard deviation: 9.03°C 
Average: 54.09°C 
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(c) 
Figure 73.  The heat source temperature distribution for the 3-layers MLM heat 
sink of 30ml/min HTF flow rate for a power rate of (a) 5W, (b) 15W and (c) 30 
W. 
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The thermal efficiency of the heat sink and the HTF outlet temperature for various 
power rates for the 3-layers MLM heat sink of 30ml/min HTF flow rate are shown 
in Figure 74. As can be seen from the figure, the thermal efficiency drops 
significantly by 6% when the power rate increases from 5W to 10W. However, 
the thermal efficiency decreases slightly when the power rate increases from 10 
to 30W and reach to 90% for the 30W power rate. Also, the HTF outlet 
temperature increases as the power rate increases from 5W to 30W of 26.45°C 
to 37.88°C. This shows a higher heat dissipation of a higher power rate.  
 
Figure 74.  The MLM heat sink thermal efficiency and the HTF outlet 
temperature versus the power rates of the 3-layers MLM heat sink of 30ml/min 
HTF flow rate. 
4.5.1.5 Effect of HTF flow rate 
In this section the effect HTF flow rates on the thermal performance of the heat 
source is presented for various number of layers MLM heat sinks. Figure 75 
shows effect of the HTF flow rates on the thermal resistance of the MLM heat 
sink for the 5W power rate. For a single layer heat sink, the thermal resistance 
decreases from 2.04 K/W to 1.78K/W as HTF flow rate increases from 30ml/min 
to 60ml/min, respectively. A significant decrease of the thermal resistance is 
noticed as the HTF flow rate increases from 30ml/min to 40ml/min of the 3-layers 
and 4 layers heat sink of a difference of 0.15K/W and 0.14K/W, respectively. An 
interesting note that increasing the number of layers from 3 to 4 has a slight effect 
on the thermal resistance for the HTF flow rate of 30ml/min, 40ml/min and 
60ml/min and this shows that the optimum number of layers in the 5W power 
rating is 3-layers. 
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Figure 75.  Heat sink thermal resistance versus the number of layers for 
different HTF flow rates for power rate of 5W. 
Figure 76 shows the effect of the number of layers and HTF flow rates in reducing 
the heat sink thermal resistance for a higher power rate of 30W. At this power 
rating, both the increase of the number of layers and HTF flow rate have a major 
impact in reducing the thermal resistance of the heat sink HTF. The thermal 
resistance reduces by 23.26% and 10.25% when the number of layers increases 
from 1 to 4 layers for 30ml/min to 60ml/min, respectively. This shows that the 
power rate is critical in determining the optimum number of layers for the lower 
thermal resistance. 
 
Figure 76.  The MLM heat sink thermal resistance versus the number of layers 
for different HTF flow rates for power rate of 30W. 
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A summary of the measurements of the heat source temperature for various HTF 
flow rates are shown in Table 16. It is noticed that the heat source temperature 
decreases significantly as the HTF flow rate increases for all the MLM heat sinks 
arrangements for power rates of more than 15W. In additions, the heat source 
experiences a temperature of more than 80°C when using a single layer heat sink 
for power rate of 30W for all the tested HTF flow rates ranged from 30ml/min to 
60ml/min which is more than the recommended maximum temperature specified 
by the CPV assembly manufacturer for performing a high electrical efficiency. 
Table 16. The heat source maximum temperature for various HTF flow rates 
and power rates for the different layers MLM heat sinks. 
Number 
of 
layers 
HTF flow 
rate(ml/min) 
Power rate (W) 
5 10 15 20 25 30 
Temperature (°C) 
1 
30 34.32 44.27 55.72 65.98 79.93 88.55 
40 33.91 43.49 53.44 62.51 74.11 82.27 
50 33.41 42.52 52.18 61.80 71.78 82.15 
60 32.77 42.03 51.18 60.95 70.30 80.02 
2 
30 32.79 41.76 50.51 60.52 68.91 77.39 
40 32.43 40.46 49.03 56.98 66.60 76.32 
50 32.12 39.95 48.21 56.60 65.56 74.30 
60 31.94 39.69 47.60 54.77 64.26 72.88 
3 
30 32.49 41.04 49.91 58.50 67.81 77.48 
40 31.78 40.15 48.47 56.06 64.88 74.16 
50 31.73 39.58 47.73 55.88 64.29 73.23 
60 31.38 38.94 46.86 54.67 62.16 70.70 
4 
30 32.63 40.55 49.35 57.75 66.00 73.57 
40 31.87 39.41 46.98 55.30 63.06 71.99 
50 31.66 39.13 46.38 53.62 60.83 69.74 
60 31.42 38.94 45.75 53.07 60.99 69.31 
A summary of the HTF outlet temperature i.e. the dissipated heated for the 
different flow rates is presented in Table 17. Increasing the HTF flow rate 
decreases the HTF outlet temperature where the HTF outlet temperature in the 
30ml/min reaches the maximum among all the flow rates. The is more noticeable 
in the high-power rates where the HTF outlet temperature difference is around 
3.5°C when the HTF flow rate increases from 30ml/min to 40ml/min for all number 
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of layers. The maximum HTF outlet temperatures reaches its maximum in the 4 
layers heat sink of 38.36°C.  
Table 17. The HTF outlet temperature for various HTF flow rates and power 
rates for the different layers MLM heat sinks. 
Number 
of 
layers 
HTF flow 
rate(ml/min) 
Power rate (W) 
5 10 15 20 25 30 
Temperature (°C) 
1 
30 26.08 27.54 29.79 32.22 33.66 36.66 
40 25.59 26.87 28.23 29.55 30.72 31.81 
50 25.18 26.03 26.90 27.89 29.03 29.74 
60 24.82 25.70 26.41 27.15 27.91 28.82 
2 
30 26.38 28.47 30.53 32.83 35.35 37.03 
40 25.82 27.30 28.69 30.23 31.84 33.24 
50 25.52 26.61 27.68 28.77 29.84 31.11 
60 25.19 26.05 26.95 27.96 28.95 29.98 
3 
30 26.49 28.72 31.10 33.39 35.63 37.88 
40 25.78 27.50 29.24 30.97 32.85 34.77 
50 25.37 26.81 28.22 29.74 31.25 32.95 
60 25.23 26.35 27.54 28.75 29.96 31.16 
4 
30 26.43 28.77 31.20 33.65 36.26 38.36 
40 25.80 27.39 29.26 31.12 32.89 34.71 
50 25.49 26.68 28.15 29.71 31.25 32.66 
60 25.30 26.35 27.50 28.75 30.01 31.26 
The pressure drop of the MLM heat sink for different number of layers is shown 
in Figure 77. It is observed that the pressure drop for the flow rate of 30ml/min is 
the maximum at the single layer MLM heat sink of 16.6mm H2O and its minimum 
in the 4 layers heat sink of 3.34mm H2O which is a reduction of 3 times compare 
to the single layer heat sink. The heat sink of single layer experiences a significant 
increase of the pressure drop when the HTF flow rates is increased from 
30ml/min to 60ml/min of an increase of 4.5mm H2O. However, a slight increase 
of the pressure drop is noticed when the flow rate is increased for the MLM heat 
sink of the 2-layers, 3-layers and 4 layers MLM heat sinks of an increase of only 
of 1.51, 1.01 and 1.58mm H2O, respectively. 
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Figure 77. The pressure drop versus the number of layers for the different HTF 
flow rates. 
4.5.2 HCPV-MLM heat sink indoor experiments results 
This section presents the indoor experimental characterisation of the HCPV-MLM 
to investigate the electrical and thermal efficiencies. The reported performance 
parameters are the I-V curve analysis and the extracted heat from the system. 
4.5.2.1 Test matrix for the HCPV-MLM experiments 
A list of controlled parameters of the experimental work for the CPV-MLM system 
are shown in Table 18. It shows that the number of layers stacked in the heat sink 
was varied of 1, 2 and 3-layers. For a fixed layer, the HTF flow rate was varied 
from 30ml/min to 300ml/min.  
Table 18.  HCPV-MLM experiment testing matrix. 
Parameters Values 
HTF flow rate (ml/min) 30, 40, 50, 60, 100, 200 & 300 
Number of layers 1, 2 & 3 
In the current experiments, the simulator intensity has been set for an output of 
1000W/m². This was monitored using the calibration method as explained in 
chapter 3. The HTF flow rate was closely monitored during the test in case of any 
change to the setting amount due to the sudden change in the pump pressure 
drop. The HTF inlet temperature was kept to 24°C. However, it was monitored 
and adjusted manually because of the effect of the change of the ambient 
temperature. For each layer test run, the experiment test module was opened for 
changing the layers, so a special attention was taken to the setup all the layers, 
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thermocouples and test case parts to their original place to allow a valid 
comparison between all the cases under same conditions. 
4.5.2.2 Effects of homogeniser materials 
This part provides details of the indoor experimental characterisation of the 
HCPV-MLM module to investigate the electrical and thermal analysis and the 
optical loss for the different tested homogeniser materials under the solar 
simulator. The results including the IV characterisation of the HCPV, the thermal 
extracted heat and the improvements due to the MLM heat sink. 
The effect of the homogeniser materials on the I-V characterization on the solar 
cell performance is shown in Figure 78 for the 2-layers MLM heat sink and 
30ml/min under 1000W/m² irradiance intensity. The maximum power of the HCPV 
module with glass homogeniser is found 3.46W which is higher to the module 
with crystal resin homogeniser (0.97W higher). The short circuit current for the 
HCPV module with glass homogeniser is found 1.403A, which is 0.323A higher 
than the crystal resin homogeniser module. The fill factor is increased slightly 
from 81% to 84% for the crystal resin and the glass, respectively. Less optical 
loss and uniformity in the intensity distribution on the solar cell may be the cause 
of the high fill factor as observed in the glass homogeniser module. 
 
 
(a) (b) 
Figure 78. The glass and the crystal resin homogeniser of a HTF flow rate of 
30ml/min with 1000W/m² irradiance intensity of 2-layers MLM heat sink (a) I-V 
and (b) power curve. 
The electrical and thermal analysis for the different homogeniser materials is 
summarized in Table 19. For the 2-layers MLM heat sink and 60ml/min under 
1000W/m² irradiance intensity, it is observed that the module with glass 
homogeniser experiences a higher short circuit current of 1.39A and a maximum 
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power of 3.47W compared to the crystal resin homogeniser of a short circuit 
current and a maximum power of 1.09A and 2.60W, respectively. The increase 
in the generated electricity by the solar cell causes a noticeable increase in the 
solar cell temperature. In addition, the table shows a significant increase of the 
optical efficiency of the HCPV when using the glass homogeniser compared to 
the crystal resin homogeniser. Also, a slight increase in the HTF outlet 
temperature is noticed when using the glass homogeniser which increases the 
thermal efficiency and hence the overall system efficiency.   
Table 19.  HCPV-MLM electrical and thermal parameters with 1000W/m² 
irradiance intensity of 2-layers MLM heat sink. 
Flow 
rates 
(ml/min) 
Glass Crystal resin 
 
Isc 
(A) 
Voc 
(V) 
Power 
(W) 
Tcell 
(°C) 
HTF 
outlet 
temp 
(°C) 
Isc 
(A) 
Voc 
(V) 
Power 
(W) 
Tcell 
(°C) 
HTF 
outlet 
temp 
(°C) 
30 1.34 2.95 3.46 63.26 30.34 1.08 2.90 2.55 59.21 29.04 
40 1.40 2.96 3.48 61.49 28.63 1.09 2.91 2.58 58.10 27.75 
50 1.40 2.96 3.48 60.79 27.86 1.09 2.91 2.58 57.62 26.99 
60 1.39 2.96 3.47 59.81 27.06 1.09 2.92 2.60 57.10 26.58 
The electrical and thermal efficiency of the HCPV-MLM system for the both 
homogeniser materials is shown in Figure 79. The electrical efficiency is 
increased when using the glass homogeniser where the calculated electrical 
efficiency of the glass homogeniser is 6.87% and 5.05% for the crystal resin 
homogeniser for the HTF flow rate of 30ml/min. In addition, the overall efficiency 
of the HCPV-MLM module when using the glass homogeniser is 30.66% and 
23.70% for the crystal resin homogeniser. However, this difference of the overall 
efficiency remains constant with the increase of flow rates. 
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(a) (b) 
Figure 79. The thermal, electrical and total efficincies of the HCPV-MLM using 
the homogeniser materials made from (a) Crystal resin and (b) Glass for a HTF 
flow rate of 30ml/min with 1000W/m2 irradiance intensity. 
4.5.2.3 Effects of number of layers 
Because of its higher optical and electrical performance and not affected by the 
high concentration, the HCPV with glass homogeniser was used in the further 
investigations for the HCPV-MLM. Further experiments were carried out with 
irradiance of 1000W/m² to estimate the I-V characterisation and the thermal 
efficiency of the HPCM-MLM module with the increase of the number of layers. 
Figure 80 shows the I-V characterisation of the HCPV module of a HTF flow rate 
of 30ml/min. The short circuit current of the 1-layer MLM heat sink is 1.319A and 
it increases to the maximum of 1.445A when using the 3-layers MLM heat sink. 
Similarly, the maximum power increases from 3.298W for the 1-layer MLM heat 
sink to 3.608W of 3-layers heat sink. However, a slight increase of the open circuit 
voltage is noticed when using the 3-layers MLM heat sink compared to the 1-
layer of a difference of 20mV. It is observed that the change of the filling factor of 
the HCPV system is almost neglected of around 84.45%. Also, the results show that 
number of layers has no effect on the filling factor due to similar level of homogenous 
distribution of light intensity on the solar cell in the HCPV system. 
The increase of the electrical performance of the HCPV under similar optical 
setup could be referred to the thermal performance of the heat sink in controlling 
the solar cell temperature. The results show an increase in the solar cell 
temperature by 3.15°C of the 1-layer MLM heat sink compared to 3-layers heat 
sink. This gives a reduction in the maximum electrical power of 98.4mW/°C. 
Figure 81 shows the temperature distribution within the HCPV assembly where 
the solar cell temperature is represented in section 1 and the corner temperatures 
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Inlet Outlet 
of the top of the HCPV assembly is represented by sections from 2 to 4. It can be 
observed that the maximum temperature at the corner is decreased as the 
number of layers is increased from 41.55°C in 1-layer heat sink to 36.58°C in 3-
layers heat sink.      
 
 
(a) (b) 
Figure 80. The effect of the number of layers on the HCPV of a HTF flow rate of 
30ml/min under 1000 W/m² irradiance intensity incident (a) I-V and (b) power 
curve. 
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Figure 81.  The surface temperature distribution of the copper substrate of 
60ml/min HTF flow rate with 1000 W/m
2 
irradiance intensity for for the MLM heat 
sink of (a) 1-layer, (b) 2-layers and (c) 3-layers. 
Further experiments have been carried to demonstrate the effect of the number 
of layers in the I-V characterisation and the thermal performance of the HCPV-
MLM module with irradiance intensity of 1000W/m². Figure 82 shows the I-V 
characterisation of the HCPV module of the HTF flow rate of 60ml/min. It can be 
noticed that the short circuit current of the 1-layers MLM heat sink is 1.321A, and 
it is increased to the maximum of 1.432A when the number of layers is increased 
to 3. Also, the maximum power is increased from 3.315W for the 1-layer MLM 
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heat sink to 3.624W of 3-layers heat sink. This gives a reduction in the maximum 
electrical power of 100mW/°C which is similar rate found in the 30ml/min HTF 
flow rate. A slight increase in the open circuit voltage in the 3-layers MLM heat 
sink compared to the 1-layer heat sink of only of 18mV. Similar to the 30ml/min 
HTF flow rate, it is observed that the change of the filling factor of the HCPV system 
is almost neglected of around 85%. This result demonstrates that number of layers 
have a significant effect on increasing on the maximum power of the solar cell.   
 
 
(a) (b) 
Figure 82. The effect of the number of MLM layers on the HCPV of a HTF flow 
rate of 60ml/min under 1000 W/m² irradiance intensity incident (a) I-V and (b) 
power curve. 
The measurements of the solar cell temperature show a reduction in the solar 
cell temperature by 3.08°C of the 3-layers MLM heat sink compared to 1-layer 
MLM heat sink.  This difference is similar to that in 30ml/min HTF flow rate. Figure 
83 shows the surface temperature distribution of the HCPV assembly of 60ml/min 
HTF flow rate with 1000 W/m² irradiance intensity for the MLM heat sink. It can be 
observed that the maximum temperature at the corner is decreased as the 
number of layers is increased from 38.5°C in the 1-layer MLM heat sink to just 
33.96°C in the 3-layers heat sink. This clearly indicates a significant impact of the 
number of layers on the temperature reduction in the CPV substrate.   
The electrical, thermal and the total efficiencies are calculated in Table 20. It can 
be noticed that the electrical efficiency is increased by 0.29% when the number 
of layers is increased from 1-layer to 3-layers for the 30ml/min HTF flow rate. 
However, the total efficiency is decreased by 1.03% as the number of layers is 
increased from 1-layer to 3-layers. This can be referred due to the decrease of 
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Inlet Outlet 
the amount of the heat generated by the solar cell when using the 3-layers MLM 
heat sink.  
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Figure 83.  The surface temperature distribution of the copper substrate of 
60ml/min HTF flow rate with 1000 W/m² irradiance intensity for the MLM heat 
sink of (a) 1-layer, (b) 2-layers and (c) 3-layers. 
Table 20.  HCPV-MLM electrical, thermal and total efficiencies with 1000W/m² 
irradiance intensity of different number of layers. 
HTF flow 
rate 
(ml/min) 
Number of layers 
1-layer 2-layers 3-layers 
ηelec ηth ηtot ηelec ηth ηtot ηelec ηth ηtot 
30 6.87 24.01 30.88 6.89 23.79 30.68 7.16 22.69 29.85 
40 6.90 25.23 32.13 6.93 23.59 30.52 7.21 22.40 29.61 
50 6.90 25.13 32.03 6.93 23.63 30.56 7.25 21.40 28.65 
60 6.89 26.30 33.19 6.89 24.19 31.08 7.19 20.15 27.34 
4.5.2.4 Effects of HTF flow rate 
In this section, the effects of the HTF flow rate on the I-V characterisation and 
thermal performance is analysed for the HTF flow rates ranged between 30ml/min 
to 300ml/min. Figure 84 shows the HCPV’s maximum electrical power and solar 
cell temperature for the 2 and 3-layers MLM heat sinks. The maximum power of 
the 2-layers MLM heat sink for the HCPV is found to be 3.462W for the HTF flow 
rate of 30ml/min, with a maximum power of 3.536W at the 300ml/min HTF flow 
rate. This is considered as an improvement of 2.09%. For the 3-layers MLM heat 
sink, the maximum power is 3.608W for the 30ml/min HTF flow rate, with a 
maximum power of 3.75W at the HTF flow rate of 300ml/min and improvement of 
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3.93%. In Figure 84, the solar cell temperature with the different HTF flow rate for 
the 2 and 3-layers MLM heat sink. For the 2-layers MLM heat sink, the solar cell 
temperature is decreased from 63.26°C to 57.2°C for the 30ml/min and 
300ml/min, respectively. Similar trend on reducing the solar cell temperature is 
noticed in the 3-layers heat sink of a decrease from 59.8°C to 55.5°C for the HTF 
flow rate of 30ml/min and 300ml/min, respectively. The reduction of the solar cell 
temperature is slightly when the HTF flow rate varied from 200ml/min to 
300ml/min for the 2 and 3-layers MLM heat sinks. 
 
Figure 84. The effect of the HTF flow rate on the HCPV’s maximum electrical 
power and solar cell temperature for 2-layers and 3-layers MLM heat sinks. 
The heat rate extracted from the HCPV-MLM is calculated using the HTF mass 
flow, the heat capacity and the temperature difference between the inlet and the 
outlet. Figure 85 shows the calculated heat extracted by the HTF and the 
electrical power for the 2-layers MLM heat sink for the HTF flow rate ranged from 
30ml/min to 300ml/min. It is observed that with the increase in the HTF flow rate, 
the discharged heat increased significantly from 12W in 30ml/min HTF flow rate 
to 16.33W in the 300ml/min. whereas a slight increase in the electrical power of 
74mW between the two flow rates. In terms of percentage, the amount of heat 
removed from the MLM heat sink of 77.5% compared to 22.4% of the electrical 
generation at 30ml/min. For the 300ml/min HTF flow rate, the discharged heat is 
82.2% where the electrical power reduces to 17.8%.  
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(a) 
 
(b) 
Figure 85.  The electrical and heat powers of the HCPV-MLM using 2-layers for 
various flow rates and 1000 W/m² irradiance intensity for (a) powers and (b) 
their percentage. 
Also, the effect of HTF flow rate on the electrical and thermal efficiency for each 
layer arrangement is shown in Table 20. It can be noticed a slight reduction of 
the electrical efficiency when the HTF flow is increased from 50 to 60ml/min for 
all the MLM heat sink arrangements. This might be referred to the experimental 
measurement error especially they have been done at the same day. 
4.5.3 HCPV-heat sink outdoor test results 
This section details the outdoor characterisation of HCPV-MLM module to 
evaluate its performance in ESI, Penryn campus location (50°10'15.4"N 
5°07'40.2"W), UK. It provides a real performance data in collecting irradiances of 
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the I-V characterisation of the HCPV module. Because of the module degradation 
with long term exposure to the outdoor environment due to the weather variation 
throughout the year, this will require a long-term testing and needs to be taken 
into consideration for a detailed analysis in the future. 
The fabrication details of the HCPV-MLM module used for the outdoor 
characterisation was discussed in section 4.4.3 and as per the setup described 
in section 4.4.4.3. The modules were characterised on the roof to avoid any 
objects shading effect. The solar irradiance logging period was every 5-seconds 
whereas the logging period for the I-V curve was every 5-minutes throughout the 
day. The solar cell temperature, HTF inlet temperature, HTF outlet temperatures 
was measured in 1-minute intervals to understand the effect of temperature and 
the amount of the collected heat. The ambient temperature and wind speed data 
were collected and reported using the weather station located at the same roof. 
A 3-layers MLM heat sink of 60ml/min HTF flow rate was selected due to their 
criteria of reducing the solar cell temperature as explained in sections 4.4.4.1 and 
4.4.4.2. The weather during the planned period of outdoor testing was a typical 
Cornish summer day, with sunshine, rain and clouds. There was not a sunny day 
during September 2018, after several attempts the outdoor experiments were 
carried out in 3 days on 15th, 26th and 27th of September 2018. 
4.5.3.1 First day (26th September 2018) 
The weather during the first day of experiment was mostly sunny day and hence 
a high solar irradiance throughout the day. The variation of the direct solar 
irradiance and the output power of the HCPV system throughout is shown in 
Figure 86. It can be noticed a fluctuation in the direct solar irradiance this is due 
to short logging period of 5 seconds whereas the logging period for the I-V curve 
was every 5 minutes. The test was started at 11:30:00, the electrical output power 
of the system was 3.75W, corresponding to the solar irradiance of 751W/m² with 
a fill factor of 77.5%, short circuit current of 1.62A and an open circuit voltage of 
2.99V. The maximum output power output of the system was 4.49W, 
corresponding to maximum solar irradiance of 896 W/m² reached at 14:11:00. 
The fill factor was calculated as 76% and the maximum short circuit current was 
1.97A at this maximum solar irradiance. Then, the system output was decreased 
gradually as the solar irradiance decreased and reached to 1.59W at a solar 
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irradiance of 181W/m2 at 18:30:00 by the end of the test. The outdoor 
experimental investigation shows an expected increase of the power produced 
by system compared to the indoor results due to the increase of the optical 
efficiency. 
 
Figure 86. Variation of the direct solar irradiance and the electrical power 
throughout the day. 
The electrical power output versus the direct solar irradiance is shown in Figure 
87.  A linear approximation was plotted between the two parameters. It can be 
noticed that most of the contribution results is from the higher intensities of more 
than 800W/m
2
. This is due to high intensity of the solar throughout the day and 
the only the low solar irradiance intensity occurred by the end of the day.   
 
Figure 87. The output power of the HCPV versus direct solar irradiance. 
The linear approximation of the short circuit current and open circuit voltage 
versus the direct solar irradiance is shown in Figure 88 and Figure 89, 
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respectively. Similar to the output power an approximation, the high intensities 
point contributed more than in the lower intensities. It is noticed that the short 
circuit current is more than 1.5A in the high intensity part. However, a small 
variation of the open circuit voltage is noticed of within of 0.1V. 
 
Figure 88. The short circuit current of the HCPV versus the direct solar 
irradiance. 
 
Figure 89. The open circuit voltage of the HCPV versus the direct solar 
irradiance. 
The thermal analysis of the system is an important part and this is investigated 
using the solar cell temperature and the extracted heat. As explained before that 
the heat extracted from the HCPV-MLM is calculated using the HTF mass flow, 
heat capacity and HTF temperature difference. Figure 90 shows the solar cell 
temperature and the calculated heat extracted by the HTF. It is observed that the 
maximum solar cell temperature reached during the day is of 62.99°C, which is 
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considered within the solar cell manufacturer limit. A lower temperature could be 
achieved for a higher HTF flow rate but this will mean a higher pressure drop and 
hence more pumping power. As expected, the extracted heat increases with the 
increase of the solar irradiance. Throughout the day, the amount of extracted heat 
varies between 13.69W to 6.20W. At the maximum electrical output power, the 
amount of the extracted heat was 12.12W which represents of around 63%.   
 
Figure 90. Variation of the solar cell temperature and the extracted heat by the 
HTF throughout the day. 
4.5.3.2 Second day (27th September 2018) 
The second day of the outdoor experiment was carried out on the 27th of 
September 2018. During this day, there was a clear sunny day without any 
clouds. This explains as on the first day the high electrical generated by HCPV-
MLM module. The variation of the solar irradiance and the electrical power 
generated by the HCPV module is shown in Figure 91. The experiment was 
started at 11:30:00 and ended at 18:30:00. At the beginning of the experiment, 
the module received a large amount of solar irradiance of 851W/m² which caused 
a power generation of 4.45W. The filling factor was 75.5%, short circuit current of 
1.959A and an open circuit voltage of 3.0V. During the day, the maximum output 
power output of the system was found to be 4.59W, corresponding to maximum 
solar irradiance of 881W/m² at 13:21:00. The fill factor was recorded as 75.1% 
and the maximum short circuit current was 1.96A during the time of maximum 
solar irradiance. After, that the direct solar irradiance decreased and reached its 
minimum by the end of the experiment of 226W/ m2 where the power generated 
reached to 0.88W. 
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Figure 91. Variation of the direct solar irradiance and the electrical power 
throughout the day. 
The electrical power output versus the direct solar irradiance is shown in Figure 
92. Similar to the previous day, most of the linear approximation contribution is 
from the higher intensities of more than 800W/m
2
 where better power output of 
the system is achieved. This is due to high intensity of the solar throughout the 
day and the low solar irradiance intensity occurred only by the end of the day.   
 
Figure 92. The maximum power of the HCPV versus the solar irradiance. 
The linear approximation of the short circuit current and open circuit voltage 
versus the direct solar irradiance is shown in Figure 93 and Figure 94, 
respectively. Similar to the output power an approximation, the high intensities 
points contributed more than in the lower intensities. It is noticed that the short 
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circuit current is more than 1.5A in the high intensity part. However, a small 
variation of the open circuit voltage is noticed of within of 0.1V. 
 
Figure 93. The short circuit current of the HCPV versus the direct solar 
irradiance. 
 
Figure 94. The open circuit voltage of the HCPV versus the direct solar 
irradiance. 
Figure 95 shows the solar cell temperature and the calculated extracted heat by 
the HTF. The maximum solar cell temperature reached during the day is of 
60.25°C, which is considered within the solar cell manufacturer limit. As expected, 
the extracted heat increases with the increase in the solar irradiance. Throughout 
the day, the amount of extracted heat varies between 12.84W to 4.185W which 
represents to the total absorbed energy of 83% and 74.9%, respectively. 
130 
 
 
Figure 95. Variation of the solar cell temperature and the extracted heat by the 
HTF throughout the day. 
4.5.3.3 Third day (15th September 2018) 
The HCPV-MLM module was tested in a rapid changing weather which is 
considered as a typical weather day here in the UK. Figure 96 shows the 
maximum power generated by the module and the DNI from 11:30:00 to 
17:05:00. It can be seen that the DNI is lower than the discussed previous two 
days where its maximum is 800W/m². At the beginning of the day, the DNI is very 
low and this is due to the cloudy weather condition. More sunny is noticed at 
12:41:00 is noticed reaching at 746W/m². At this time, the power generated by 
the HCPV-MLM is still low due to the rapid change in the weather. The maximum 
power generated by the solar cell was 2.977W occurred at 13:42:00. The low 
generation of the power at some of the higher DNI is believed due to the 
difference in the logging time between the DNI and the I-V tracer as explained 
before. 
 
Figure 96. Variation of the direct solar irradiance and the electrical power 
throughout the day. 
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The variation of the solar cell temperature throughout the day is shown in Figure 
97. It can be noticed that when no DNI reaching to the solar, its temperature is 
almost fixed to 19°C. The maximum solar cell temperature reached to 45.19°C 
when the direct solar irradiance reached to 746 W/m². 
 
Figure 97. Variation of the direct solar irradiance and the solar cell 
temperature throughout the day. 
4.6 Conclusions 
The MLM heat sink for the HCPV applications has been carried out and analysed 
in terms of the electrical and thermal parameters. Different numerical and 
experimental investigations were conducted. First of all, the concept of multi-layer 
microchannel heat sinks for CPV applications was studied numerically using the 
entire domain (the heat sink and CPV) and three-dimensional model. The effect 
of variation of the number of layers and the channel width and height was 
investigated. The electrical and thermal model was coupled for an accurate 
calculation of the generated thermal heat of the solar cell. The results show a 
significant improvement of the heat sink performance in terms of the solar cell 
temperature, the thermal resistance and the fluid pumping power as the number 
of layers increases for the same HTF flow rate. The 3-layers microchannel heat 
sink was considered for the investigation of the channel height and width on the 
heat sink performance. The results show that the variation of the height of the 
channel height and the width has no effect on the maximum solar cell 
temperature. However, the fluid pressure drop along the channel is reduced 
significantly as the channel height was increased from 500μm to 1000μm i.e. a 
reduction in fluid pumping power consumption. The effectiveness of multi-layer 
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microchannel heat sink also depends on other design parameters such as the 
fluid inlet/outlet manifold and the fluid mass flow rate.  
The non-uniform heat source on the MLM heat sink was investigated for a power 
rate of 30W. The results show a reduction of the heat sink thermal resistance by 
17% as the number of layers increases from 1-layer to 2-layers. The results also 
show that the single layer MLM heat sink experiences the highest temperature 
difference between the centre of the heat source surface and the other locations 
causing a large temperature non-uniformity and a high standard deviation 
compared to the 2-layers and 3-layers MLM heat sinks. The numerical model 
shows that the hot spot in the heat source surface shifts to the centre as the 
number of layers increased and more temperature uniformity is achieved to the 
edge of the heat source near to the downstream side. 
The indoor IV-characterisation of the HCPV-MLM heat sink module has been 
carried out for the different heat sink layers and HTF flow rates. The experiments 
show an increase on the maximum power produced by the module of 0.97W 
when using the homogeniser made from glass compared to the one made from 
crystal resin material. In terms of the effect of the number of layers, the results 
show an increase of 9.4% of the electrical power generated by the module when 
using the 3-layers MLM heat sink compared to the 1-layer MLM heat sink. In 
addition, the solar cell temperature decreased by 3.15°C when the number of 
layers increased from 1-layer to 3-layers. 
At end of the chapter, the I-V and thermal characterisation of the HPCV-MLM 
module in the outdoor environment was presented. The module was mounted in 
the solar tracker for two sunny days and one mostly cloudy day at ESI Penryn 
campus location in the UK. A better electrical performance of the module was 
achieved in the outdoor compared to the indoor tests. The maximum electrical 
power of the module is 4.59W at a direct solar irradiance of 881W/m². The results 
show a high solar cell performance where the solar cell temperature was kept 
under 60°C. 
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Chapter 5 : PCM thermal storage: design, 
fabrication and experimental characterization 
The PCM storage system is one of the major components of the CPV-PCM. This 
chapter presents a standalone study and analysis of a PCM thermal storage 
system. The system of the PCM storage analysis is first evaluated using a 
numerical analysis of the computational fluid dynamics (CFD) modelling 
technique using COMSOL. The simulations analyse various effects of system 
variables such as the geometry and materials. After that, an experimental 
assessment of a single PCM storage system is conducted to validate the model 
and to study in depth the effect of various operating conditions such as Heat 
Transfer Fluid (HTF) flow rate, its inlet temperature, the storage orientation, PCM 
melting temperature and its heat storage density as influence of performance. 
Following this, an experimental study of multi-stage PCM thermal storage is 
conducted to explore the enhancement parameters of using this technique. 
Additionally, the detailed parametric study of multi stage storage are discussed 
using the numerical approach.  
5.1 Fundamentals of CFD on PCM modelling and data analysis 
5.1.1 Introduction 
Computation Fluid Dynamics (CFD) is the analysis of systems involving fluid flow 
and heat transfer using computer-based simulation. At present, the CFD 
approach is considered as a powerful tool for a wide range of heat transfer 
applications [268] due to its unique advantages: 
• The CFD technique is considered as faster and cheaper compared to the 
experimental approach especially in a high-quality setup. 
• In a very complicated system, it is very difficult to run it in ideal boundary 
and initial conditions such as uniform heat density, flow and adiabatic 
surfaces. These conditions are ideally controlled when using the CFD 
approach. 
•  Some measurements are very hard to obtain in the experimental 
approach due to confined space to insert an instrument or inaccessible 
locations whereas, the CFD approach has the ability to evaluate the 
parameters in those locations. 
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In this thesis, CFD approach has been used in the design to geometry, selection 
of PCM, selection of system construction materials, etc. The CFD is used as an 
important tool in the design stage to maximize the amount of the stored heat and 
hence improve the efficiency of the heat storage system.  Also, the validated CFD 
model offers to explain the behaviour of the PCM along with the experimental 
results such as the heat transfer using the natural convection.  
Modelling of PCMs is complicated due to the complexity of the behaviour of the 
PCMs during the phase transition [269]. The common features of PCMs are the 
change in the thermo-physical properties, the boundary movement of the solid-
liquid during phase transition, convection heat transfer mode during the melting 
and the volume change(expansions or contraction) [270]. This section aims to 
provide an overview of the modelling of a cylindrical PCMs thermal storage 
system. 
5.1.2 Mathematical modelling of PCM 
Various methods have been founded to solve the PCM boundary problems. 
Among them, the two main methods are the fixed-grid and the moving 
deformable-grid [271]. The fixed-grid method uses similar conservation equations 
and boundary conditions for both solid and liquid phases. The interface conditions 
are described as source terms in the governing equations and latent heat value 
is assigned to each element according to the enthalpy or temperature. In this 
method, a large force is added to PCM (infinite viscosity) in the solid phase and 
this force is eliminated to zero for the PCM in the liquid phase. The moving 
deformable-grid method is based on the classical Stefan formulation on the 
governing equations and the solid-liquid phase interface is explicitly solved. The 
phase change is tracked continuously and the latent heat is treated as a moving 
boundary [272].  
There are two modelling approaches available for the analysis of the PCM heat 
transfer problems, namely temperature-based method (TBM) and the enthalpy-
based method (EBM) [273]. The enthalpy method is considered as the most 
popular approach in the PCM numerical modelling to solve the boundary problem 
[13] [274]. The main advantage of this method is to obtain the solution on the 
fixed space grid [275]. This means that the enthalpy method solves the enthalpy 
as a temperature dependent variable through the integration of the volume 
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elements. There are two common formulations of the enthalpy method using the 
apparent heat capacity formulation and the source based formulation [275]. In the 
present investigation the apparent heat capacity formulation for a fixed grid was 
used the modelling of PCMs.  
In a solid PCM undergoing to a liquid phase transformation (i.e. melting), the 
conservation of energy equation can be written in terms of the mixture enthalpy 
L (J/kg) as [275]:  
∂(ρL)
∂t
+ ∇. (ρuL) =  ∇. (k∇T)     5.1 
where ρ, u, T and k  are PCM density, velocity, temperature and thermal 
conductivity, respectively. The general definition of the mixture enthalpy (L) is as 
the following [276]: 
L = (1 − f) ∫ Cs
T
Tref
dx + f ∫ Cl
T
Tref
dx + fH          5.2 
where f, Tref, Cs and Cl  are the liquid volume fraction of liquid phase, reference 
temperature, and the specific heat of solid, specific heat of liquid, respectively. 
The two common enthalpy methods are the apparent heat capacity method 
(AHCM) and the source-based method (SBM). The enthalpy function used in the 
apparent heat capacity is not included in the governing equation and the phase 
change is not simultaneously tracked but derived afterward from the calculated 
temperatures [277]. This causes faster solution in the general heat transfer 
packages. In the SBM method, the latent heat evolution is represented by a 
suitable source term [271].  
In this study, the AHCM is used to model the PCM problem. Therefore, instead 
of adding a latent heat L in the energy balance equation when the material 
reaches its melting temperature (Tm), it is derived from its temperature. Therefore, 
it is assumed that the melting of PCM occurs in a temperature interval of ∆T and 
between Tm − ∆T 2⁄  and Tm + ∆T 2⁄ . In this interval, the liquid fraction of PCM (f) 
is modelled by a smoothed function which is represented by: 
f(T) =
{
 
 
 
 0,                                          T ≤ (Tm −
∆T
2
)
T−Tm+
∆T
2
∆T
,              (Tm −
∆T
2
) < T < (Tm +
∆T
2
)  
1,                                         T ≥ (Tm +
∆T
2
) 
    5.3 
Therefore the PCM heat capacity is expressed as [278]: 
136 
 
Cp =
1
ρ
[(1 − f(T))ρsCps + f(T)ρlCpl] + CL(T)    5.4 
Where 𝐶𝐿(T) is expressed as: 
CL(T) = L
dαm
dT
      5.5 
And  
αm =
1
2
f(T)ρl−(1−f(T))ρs
ρ(T)
     5.6 
The changes in the other PCM thermo-physical properties during the phase 
transition are expressed as the following: 
ρ(T) = f(T). ρsolid + (1 − f(T)). ρliquid      5.7 
k(T) = f(T). ksolid + (1 − f(T)). kliquid                                5.8 
5.1.3 Modelling of cylindrical PCM storage 
The modelled PCM storage system consists of three domains: PCM, HTF and 
the tube. The model domains and its boundary conditions are shown in Figure 
98. The HTF is set as an inlet boundary condition with a constant temperature 
(Tin) and a constant water volume flow rate. The outlet HTF is set as heat outflow 
boundary with a normal flow fluid outlet. The following assumptions have been 
considered in the model: 
• The flow of the HTF is fully developed. 
• The PCM is pure, homogeneous, and isotropic. 
• The PCM melting process occurs over a range of phase transition 
temperature (∆T) 
• The ambient temperature is 24°C. 
• The outer wall of the storage is exposed to a natural convection of a heat 
transfer coefficient (h) is 5.8W/m2K. 
• Adiabatic walls are in the storage top and bottom. 
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Figure 98.Schematic of model domain showing the boundary conditions 
The heat transfer processes involved in the system are the heat transfer by 
conduction and convection. The general heat conduction equation used in this 
analysis for a cylindrical geometry with no circumferential variation, constant 
materials properties and without internal heat generation is expressed as [279]: 
ρCp
∂T
∂t
=
1
r
∂
∂r
(kr
∂T
∂r
) +
∂
∂z
(k
∂T
∂z
)                                      5.9 
The heat transfer due to convection is between the HTF and the tube wall, the 
energy equation is given by[215]: 
ρCp (
∂T
∂t
+ vr
∂T
∂r
+ vz
∂T
∂z
) = k [
1
r
∂
∂r
(r
∂T
∂r
) +
∂2T
∂z2
] + q    5.10 
where ρ and 𝑘 represent the density and the thermal conductivity of the HTF 
respectively. During the phase change, the PCM absorbs heat in forms of latent 
heat (L). The apparent PCM heat capacity (Cp) used in the heat equation is given 
by: 
Cp(T) = Cp,solid + ( Cp,liquid − Cp,solid). f(T) + L. D(T)    5.11 
where D(T) is a smoothed Gaussian function which is zero everywhere except in 
the melting interval and is expressed: 
D(T) =
e
−T(T−Tm)
2
∆T2
√π∆T2
                5.12 
In this model, the PCM is assumed to be in liquid phase. The mass, momentum 
and energy conservation equations are coupled with the heat transfer diffusion. 
The momentum conversion equation is modified to model the phase change 
using two forces: buoyancy force (Fb) and the force to control the solid phase (Fa). 
These are expressed as the following: 
Fb⃗⃗⃗⃗ = −ρsolid(1 − β(T − Tm))g⃗      5.13 
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Fa⃗⃗⃗⃗ = −A(T)u⃗      5.14 
where β is the coefficient of thermal expansion (K-1) and A(T) is expressed as: 
A(T) =
−C(1−B(T))2
(B(T)3+q)
      5.15 
where C and q are constants and equal to 105 and 10-3, respectively.   
5.1.4 Modelling results 
The PCM storage performance is evaluated using different parameters such as 
temperature distribution, melting time and melting profile. In addition, some 
derived parameters such as average heat transfer coefficient and thermal 
resistance can be used to express the system performance.  
5.1.4.1 Average heat transfer coefficient 
The convection heat transfer coefficient (h) is defined as the rate of heat transfer 
between a tube surface and a fluid per unit surface area per unit temperature 
difference [280] and it is important in representing the amount of heat transferred 
to the PCM. Because of the temperature variation between the outer surface of 
the HTF tube and the PCM along both the axial and radial directions, the heat 
transfer coefficient is very difficult to be calculated accurately for the PCM storage 
system. However, the average heat transfer coefficient for the melting process is 
calculated instead [281]. The heat transfer rate (q) to the PCM storage can be 
calculated through the enthalpy reduction rate in the HTF [199] and can be 
calculated through the following equation:  
q = ṁCp(Tin − Tout)     5.16 
Where, ṁ is the HTF mass flow rate, Tin and Tout are the temperature of the inlet 
and outlet of the HTF, respectively. The convection heat transfer coefficient (h) is 
expressed by: 
h =
q
A .  ∆TLMTD .t
      5.17 
The average heat transfer coefficient during the charging period is calculated 
using the following equation: 
h̅ =
Qtotal
A .  ∆TLMTD .t
      5.18 
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Where, Qtotal is the total heat absorbed by the PCM during the charging time.  
The logarithmic mean temperature difference (LMTD) is represented by: 
∆TLMTD =
Tinlet−Toutlet
ln[
Ts−Toutlet
Ts−Tinlet
]
      5.19 
Where, Ts is the tube surface temperature of HTF. The performance of the PCM 
heat exchanger can also be represented by its effectiveness.  The instantaneous 
effectiveness at any point of time over the phase change period is presented by 
[209]: 
ε =
(Tin−Tout)
(Tin−TPCM)
        5.20 
The average effectiveness is presented by: 
ε̅ = ∫ ε dt
t
0
       5.21 
5.1.4.2 Thermal resistance network 
The PCM heat exchanger consists of two mediums (PCM and the HTF) 
separated by the tube wall. The heat transfer starts as soon as the HTF enters 
the tube and the temperature profile starts developing in the system in the axial 
and radial directions. The heat is first transferred from the HTF to the tube wall 
by forced convection, through the tube wall by the conduction and from the tube 
wall to the PCM by the natural convection [280].  Three thermal resistances are 
associated with the heat transfer in the PCM heat exchanger storage, HTF 
convective heat resistance (Rf), conduction thermal resistance across the tube 
thickness (Rw) and the PCM convective heat resistance (Rl) as shown in Figure 
99 [280]. It is more convenient to represent the thermal resistances in mK/W due 
to its change with the length of the tube in the PCM medium. The values of Rf,Rw 
and RPCM are determined using the following equations: 
Rf =
1
πhfDi
        5.22 
Rw =
1
2πkw
ln (
Do
Di
)     5.23 
RPCM =
1
2πkPCM
ln (
DPCM
Do
)    5.24 
More heat transfer rate between the HTF and the PCM is achieved by decreasing 
the thermal resistance values. Therefore, the resistance of the HTF can be 
reduced by increasing the heat transfer coefficient (hf) or increasing the inner tube 
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diameter (Di). In addition, decreasing the thermal resistance of the tube wall and 
the solid PCM is by increasing the materials thermal conductivity or reducing the 
thickness of the tube and the PCM.  
 
Figure 99. PCM heat exchanger thermal resistance network. 
5.1.4.3 Dimensional analysis 
Characterization of a fluid flow inside a tube is an important and this can be done 
using the Reynolds number (Re), which is presented by the following equation: 
Re =
ρf.uf.D
μf
     5.25 
Where uf is the mean fluid velocity in the tube cross section, D is the tube 
diameter, μf and ρf are the fluid’s dynamic viscosity and density, respectively.  
The natural convection takes place as the PCM melts and this can be quantified 
using the Grashof number. It represents the natural convection effect and 
presented by the following equation [212]: 
Gr =
g β (Ts−Tf) re
vpcm
2      5.26 
Where, g is the gravity (m/s²), β is the coefficient of volume expansion (1/K), Ts is 
the temperature of the solid surface, Tf is the temperature of the liquid, re is the 
characteristic length of the geometry and vpcm is the kinematic viscosity of the 
fluid (m²/s). The Nusselt number is used to quantify heat transfer and calculated 
using [228]: 
Nu =
h re
kpcm
     5.27 
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Where, kpcm  is the thermal conductivity of the PCM.  Num is the mean Nusselt 
number and calculated by: 
Nu̅̅ ̅̅ =
h̅ re
kpcm
     5.28 
5.1.4.4 The experimental case study by Longeon 
Longeon et al.[194] experimentally has studied the process of melting of the PCM 
in the shell-and-tube storage unit with the PCM on the shell side, and the HTF 
flows inside the tube. Additionally, they have conducted a series of experiments 
to study the effect of heat charging scenarios on the heat transfer process.  
5.1.4.5 The experimental setup description  
Test rig proposed by Longeon consists cylindrical PCM storage with a HTF tube 
placed inside the PCM storage. The test rig is placed vertically and the PCM is 
filled in the shell with the diameter of Do, whereas the HTF flows through the tube 
with diameter of Di. The HTF tube is made of stainless steel and has an inner 
diameter of 15mm and a thickness of 2.5 mm. The outside tube is made of 
Plexiglas and of an inner diameter of 44 mm and length of 400 mm. The amount 
of the used PCM is 480g with an estimated thermal storage capacity of 120kJ 
(from 28ºC to 46ºC). A paraffin RT35 is used as the PCM with a melting 
temperature of 35 °C and its physical and thermal properties as given by the 
manufacturer are presented in Table 21. 
The experimental loop studied by Longeon is shown in Figure 100. Thermobath 
is used to control water temperature. Hot water at temperature of 54ºC is 
circulated through the stainless-steel tube with an average inlet velocity of 0.01 
m/s. several thermocouples have been installed at various locations to monitor 
the PCM and water temperature during the testing duration. Thermocouple 
signals are recorded in a PC using a data acquisition unit. As per the authors, the 
heat loss effect from the PCM to the ambient is minimized due to the PCM melting 
temperature is close to the ambient temperature.  
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(a) (b) 
Figure 100. Schematic of (a) experimental loop and (b) test section [194]. 
Table 21.Thermo-physical properties of RT35 by Rubitherm®. 
Property Value 
Melting Temperature, Tm 35 ºC 
Liquid density, ρl 760 kg/m3 
Solid density, ρs 880 kg/m3 
Thermal conductivity, k 0.2 W/(m.K) 
Liquid specific heat, Cpl 2400 J/kg.K 
Solid specific heat, Cps 1800 J/kg.K 
Latent heat, L 157 KJ/Kg 
Viscosity, μ 3.3x 10-3 m3/s 
Thermal expansion coefficient, β 0.00091 1/K 
5.1.4.6 Validation of the CFD model 
A Model to represent the Longeon’s PCM thermal storage heat exchanger 
experiment was conducted using COMSOL multi-physics software. The PCM test 
section was modelled using a 2D axisymmetric geometry. The model domains 
were the PCM, the HTF and the HTF tube. The PCM container was neglected for 
simplicity reason and the thermal loss was presented using the natural convection 
rate.   
The appropriate mesh used in the numerical model was an important for accurate 
results and saving the computational time and effort. Because of the fluid 
behaviour of most of the domains (water and PCM), all domains were meshed 
using the triangular fluid dynamics meshing because of the PCM behaviour. Five 
different meshing sizes (coarse, normal, fine, finer and extra fine) were selected 
to investigate its effect on this PCM storage model. The details of the examined 
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meshes sizes are shown in Table 22. The simulations ran using PARDISO 
(Parallel Direct Sparse Solver) which is a direct solver to solve non-linear system. 
Table 22.The computational mesh sizes. 
Mesh# 
Mesh 
type 
Number 
of 
element
s (NoE) 
Minimum/ 
maximum size 
(mm) 
Mesh distribution 
Mesh 1 
Coarse 
mesh 
7526 0.096/2.14 
 
Mesh 2 
Normal 
mesh 
15640 0.064/1.44 
 
Mesh 3 
Fine 
mesh 
26544 0.032/1.12 
 
Mesh 4 
Finer 
mesh 
41182 0.0128/0.896 
 
Mesh 5 
Extra 
fine 
mesh 
187476 0.0048/0.416 
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The melting fraction of the PCM liquid fraction with time was used to investigate 
the effect the mesh size. The study was conducted using Longeon initial and 
boundary conditions and RT35 as the PCM for 54°C HTF inlet temperature and 
with an average inlet velocity of 0.01 m/s. Figure 101 shows the PCM melting 
fraction variation with time for the different meshes. It is noted that the PCM 
melting fraction is almost the same for all the five meshes up to the 1130 seconds 
where 22% of the PCM is melted. Apparently from the graph, the model that uses 
mesh 1 and 2 exhibits a slower melting rate for the rest of the charging period. 
The magnifying window in the figure shows that the model of mesh 3 delays the 
melting by 0.8% for the rest of the charging period. Also, the difference of the 
melting fraction between mesh 4 and mesh 5 is less than 0.2%. This implies that 
using mesh 4 has the advantage of less computing time with similar results to 
when using mesh 5. Therefore, mesh 4 has been used throughout the study.  
 
Figure 101.Liquid fraction variation using different meshes. 
The validation of the computational model was carried out by comparing 
numerical results obtained from COMSOL to the experimental data obtained by 
Longeon et al.[194] . The CFD model were validated using the experimental 
results of the PCM temperature measurements on location T1 and T2 as shown 
in Figure 102. In addition, the comparison was taken place for the HTF outlet 
temperature. 
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Figure 102.The PCM storage symmetric view showing the locations and 
coordinates of the compared PCM temperatures. 
Figure 103 and Figure 104 show the predicated temperatures of the PCM using 
the numerical solution and the experimental found by [194]. In Figure 103, the 
predicted temperature of PCM at T1 has the lowest temperature difference 
compared to the experimental measurements before the 1000s and after 4500s 
of a maximum temperature difference of 1.26ºC only. However, the maximum 
temperature difference between 1000s and 4500s is at 5.18ºC. The predicted 
temperature of T2 follows the same pattern of T1 where the lowest temperature 
difference compared to the experimental measurements before the 3000s and 
after 6000s is of a maximum temperature difference of 0.705ºC only and the 
maximum temperature difference between 3000s and 6000s is increased at 
maximum temperature of 5.18 ºC.  
  
Figure 103.The variation of the predicted and experimental temperature at 
locations of T1 and T2. 
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Figure 104 shows the predicted HTF outlet temperature and the experimental of 
a maximum difference of 4.22°C at 1000s. In general, the comparison of the 
numerical results with the experimental results found in [194] demonstrate that 
the developed numerical model accurately describes processes taking place in 
the experimental test rig. Therefore, this model can be used with confidence for 
further heat transfer simulations analysis in the shell-and-tube PCM storage. 
 
Figure 104.The predicted and experimental temperature for the HTF outlet 
temperature. 
5.1.4.7 Heat transfer characterization inside the PCM storage 
A thermal analysis of the validated numerical CFD model was further performed 
to examine the performance of the shell and tube PCM storage unit during the 
heat charging mode using RT35 with a HTF inlet temperature and an average 
inlet velocity of 54ºC and 0.01 m/s, respectively. Figure 105 shows the PCM 
temperature distribution and melting profiles in the PCM computational domain in 
1875s, 3750s and 5625s. It can be seen that the PCM temperature gradually 
rises in the regions close to the tube walls and the highest temperature is 
observed at the domain’s top region close to the inlet of the HTF. As a result, the 
top part of the domain turns into liquid first and later, the melted PCM expands to 
the lower regions on the PCM domain. However, the melting rate in the axial 
direction is higher than in the radial direction.  
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Temperature distribution 
   
 
Melting profile 
   
 (a) (b) (c) 
Figure 105. The PCM temperature distribution and melting profile at (a) 1875s, 
(b) 3750s, and (c) 5625s (Ti=54ºC, VHTF=0.01m/s). 
Figure 106 shows the melting fraction of the PCM inside the storage where the 
PCM melts in an approximately constant rate. During the two hours of charging, 
93.14% of the PCM turns into a liquid phase where, the melting of the 50% of the 
PCM occurs during the first third of the charging time.  
(°C) 
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Figure 106. The PCM melting fraction versus time (Ti=54ºC, VHTF=0.01m/s). 
Figure 107, Figure 108 and Figure 109 present the temperature variation along 
radial direction in different periods for axial height of 3L/4, L/2 and 0, respectively. 
The Figure 107 and Figure 108 show that the temperature of the PCM remains 
constant during the melting at a temperature of around 42ºC due to the latent 
heat effect. Then, the PCM temperature rises suddenly after the 3000s and the 
5000s at location 3L/4 and L/2, respectively. By the end of charging process, the 
PCM temperature is uniform across the radial section which is close to the 
temperature of the HTF. However, the temperature of PCM remains low at Z=0 
due to the incomplete PCM melting. The figures show also a negligible 
temperature difference across the tube thickness which implies a very low 
conduction thermal resistance of the tube. 
 
Figure 107. Temperature gradient along the radial axis at z=3L/4 at various 
times (Ti=54ºC, VHTF=0.01m/s). 
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Figure 108. Temperature gradient along the radial axis at z=L/2 at various times 
(Ti=54ºC, VHTF=0.01m/s). 
 
Figure 109.Temperature gradient along the radial axis at z=0 at various times 
(Ti=54ºC, VHTF=0.01m/s). 
 Figure 110 shows the temperature variation of the PCM along the axial axis at 
the 21mm radial distance. It can be noticed that, the PCM temperature along the 
axial axis follows the same pattern at different times and reached to the same 
saturation temperature along the axial axis after the melting of 53ºC. Also, the 
figure shows a constant PCM melting volume rate in the interval between 3000s 
to 7000s of a rate of 56mm/1000s. 
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Figure 110. PCM temperature along the axial positions at the r=21mm at 
various times (Ti=54ºC, VHTF=0.01m/s). 
The heat transfer rate and the total stored heat in the PCM are shown in Figure 
111.  The rate of stored heat is decreased dramatically from 120J/s to 46J/s in 
the first 1000s due to difference between the HTF inlet temperature and initial 
temperature of the PCM. Then, it is decreased gradually during the rest of the 
charging time due to the melting of the PCM. On the other hand, the total stored 
heat is increased with time and reached to 179kJ/kg by the end of the charging 
period.  
 
Figure 111. The rate and the total stored heat versus time (Ti=54ºC, 
VHTF=0.01m/s). 
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5.1.5 Heat transfer maximisation of PCM storage using geometry 
The objective of this section is to maximize the heat transfer performance of the 
system at a fixed HTF flow rate and inlet temperature. For a PCM storage using 
shell and tube configuration, the heat transfer performance effects the PCM 
melting time, the temperature distribution of the PCM and the wasted energy. 
Since the HTF tube thickness is usually thin and the used materials, such as 
copper, have a very high thermal conductivity, the thermal resistance is normally 
small and it has a negligible thermal resistance on the overall heat transfer. 
However, the increase of the tube diameter leads to an increase in the outer area 
and hence increasing the convective heat transfer rate. For the PCM domain, as 
the PCM diameter increases, for a fixed PCM volume or mass, the length 
decreases. However, the conduction thermal resistance of the PCM increases 
because now the PCM is thicker. Therefore, there is an optimum PCM 
dimensions for the maximum heat transfer. The optimization problem to be 
investigated for two cases are for a fixed PCM volume/mass as Longeon study 
and a variable PCM volume. In both cases, the charging time was extended to 
14000s to allow full PCM melting. 
For the fixed PCM volume case, two parameters are to be optimized; the PCM 
thickness and the length. These two dimensions control the heat flow inside the 
PCM and hence the rate of heat transfer and the amount of heat. The HTF flow 
rate, the tube dimensions and thickness are fixed throughout the optimization 
process. The optimization problem is summed up to the following: 
Objective function: increase heat transfer rate, reduce the melting time and 
increase the average PCM temperature.  
Constraints: 
• The average HTF velocity=0.01m/s, Re<2300 
• HTF inner diameter= 15mm 
• HTF tube thickness=2.5mm 
Variables: the new PCM radius (r) was varied in ratios of 0.5 and 2 of the 
Longeon study (R=22mm). Hence the height of PCM storage dependent equation 
is expressed as: 
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H =
mPCM
ρPCM
∗
1
π(rPCM2−rtube2)
       5.29 
The effect of the radius ratio on the PCM melting rate with time is presented in 
Figure 112. The results show a reduction on the total melting time by 
approximately of 6.5% when the PCM radius ratio is reduced from 1 to 0.5 and is 
increased by 33% when the PCM radius ratio is increased from 0.5 to 1.5. The 
PCM could not melt completely in the case of radius ratio of the 2.   
 
Figure 112. The PCM liquid fraction versus time for various PCM radius ratios 
(Ti=52ºC, VHTF=0.01m/s). 
The variation of the average of the PCM temperature versus time for different 
radius ratio is presented in Figure 113. It can be noticed that the PCM average 
temperature for the radius ratios of 0.5 and 1 reach their saturated temperature 
of 53.6 Cº at 10000s and 105000s, respectively. However, the radius ratio 
reaches its saturation temperature by the end of the charging period and the 
radius ratio of 2 could not reach its saturation temperature due to the incomplete 
of the PCM. Also, no change on the PCM average temperature is notice for all 
radius ratios after the complete melting of 53.6Cº which implies a uniform 
temperature of PCM at this point. This shows a strong relation between the 
charging period and the amount of the PCM to be used in the storage. For 
instance, for the charging period of 10000s, the system of the radius ratio of 1 is 
the best selection. However, the radius ratio of 1.5 is considered the best for the 
charging period of 14000s.    
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Figure 113. The average temperature of PCM versus time for various PCM 
radius ratios (Ti=52ºC, VHTF=0.01m/s). 
Figure 114 shows the HTF outlet temperature with time for the different radius 
ratio. It can be noticed that the HTF outlet temperature for the radius of 0.5 is the 
lowest compared to the other radius ratios. This shows a high heat transfer rate 
is experience at this radius ratio. However, a slight difference is noticed after the 
7000s for the 0.5 radius ratio due to the complete melting of the PCM. Also, the 
HTF outlet temperature varies slightly for the radius ratio varies between 1.5 and 
2.0 and this indicates a low heat transferred to the PCM. In addition, it shows that 
longer storage leads to more heat transfer area between the PCM and the outer 
surface of the tube.  
 
Figure 114. HTF outlet temperature versus time for various PCM radius ratios 
(Ti=54ºC, VHTF=0.01m/s). 
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The effect of the increase of the amount of PCM in the storage performance is 
investigated here.  A survey of the literature of the PCM geometry shows that 
conducted studies on the PCM storage geometry parameters are by varying the 
PCM to the tube radius ratio (Ro/Ri) between 3 and 6 and also the ratio of the 
storage length to the inner radius (L/Ri) varied between 55 and 200 [282]. So, the 
effect of the PCM radius and the storage length ratio on the performance of the 
PCM storage system is studied using this ratio ranges and the rest of the 
parameters are kept constant as shown in Table 23 . 
Table 23. The geomatry parameters cases 
Case # 
Fixed variables 
(mm) 
Ratio range 
Varied 
parameter range 
(mm) 
Case 1 
L=400 
Ri=7.5 
3<Ro/Ri<6 22.5<Ro<45 
Case 2 
Ro=22 and 
Ri=7.5 
55<L/Ri<200 412.5 <L<1500 
Case 1 as shown in Table 23 investigated the effect of increasing the ratio of the 
outer PCM radius to the inner tube radius between 3 and 6. Therefore, four ratios 
were selected to conduct the study, 3, 4, 5 and 6. The considered PCM outer 
radius were 22.5mm, 30mm, 37.5mm and 45mm. The mass of the PCM filling 
and the stored heat (from 24ºC to 54ºC) in each radius ratios are shown in Figure 
115.  
 
Figure 115. The amount of PCM and the maximum heat stored at the PCM to 
the tube radius ratios.     
The melting fraction of PCM for the various PCM to the tube radius ratios is shown 
in Figure 116. It can be noticed that the PCM of the 3 radius ratio is melted 
completely in 10920s and the other radius ratios are not melted completely by 
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the end of the charging period and more time is required for complete melting 
where doubling the radius ratio (6) is caused only melting 70% of the total of 
PCM. However, the PCM to the tube radius ratio of 4 is considered as the best 
ratio for the charging period of 14500s. 
 
Figure 116. The liquid fraction versus time for various PCM to the tube radius 
ratios. 
The average temperature of the PCM for the different radius ratios is shown in 
Figure 117. The PCM at the storage of radius ratio of 3 experiences the highest 
average temperature at all the time of charging due to the its fastest rate of the 
PCM melting and it reaches to the HTF inlet temperature by the end of charging 
period of 54ºC. In addition, the average temperatures of the other radius ratios 
are higher than the melting temperature of PCM and reach to 42.3ºC by the end 
of the charging period for the largest radius ratio.   
 
Figure 117. The average temperature of PCM versus time for various PCM and 
tube radius ratio. 
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The rate of the stored heat for the various the PCM to the tube radius ratios is 
represented in Figure 118. At the beginning of the charging, the stored heat rate 
decreases sharply from 90J/s to 26.9J/s for all the radius ratios due to heating up 
of the materials such as the tube and HTF. Then, the stored heat rate varies 
different of each radius ratios. The PCM storage with higher radius ratios (i.e. 
more PCM mass) absorbs the heat faster compared to the PCM storage of lesser 
radius. It is also noticed that the PCM storage of the radius ratio of 3 has reached 
to its saturation at the 11780s at which the temperature of the PCM reaches to 
the same to the HTF inlet temperature. 
 
Figure 118. The rate of the stored heat versus time for various PCM to the tube 
radius ratio. 
The investigation of the effect of increasing the length of the PCM storage (Case 
2) as shown in Table 23 is presented here. The ratio of the storage length to the 
HTF tube radius is varied between 55 and 200. Five ratios are selected to conduct 
the study, 53, 75, 100, 150 and 200. The considered PCM storage lengths are 
400mm, 562.5mm, 750mm, 1125mm and 1500mm. The calculated mass of the 
PCM filling and stored heat (from 24ºC to 54ºC) in each is presented in Table 24.  
Table 24. The amount of PCM and the maximum heat stored for various PCM 
storage length to the HTF tube radius ratios. 
Ratio Length (mm) PCM mass (g) Heat (kJ) 
53 400 424.43 84.88 
75 562.5 596.85 119.37 
100 750 795.80 159.16 
150 1125 1269.75 253.95 
200 1500 1794.62 358.92 
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The liquid fraction of PCM for the different length to tube radius ratios are shown 
in Figure 119. It can be noticed that the PCM in the storages with length of 
400mm, 562.5mm and 750mm melted completely whereas the PCM in the 
storage of the length of 1125mm and 1500mm melted by a fraction of 0.998 and 
0.992, respectively. In addition, increasing the storage length from 400mm to 750 
increases the total melting time of PCM by 2510s. This concludes that for this 
specific HTF inlet temperature and flow rate are more suitable for the 1500mm 
PCM storage due to the ability of the PCM to absorb the heat. 
 
Figure 119. The liquid fraction versus time for various PCM storage lengths. 
Figure 120 represents the average temperature of PCM for the different storage 
lengths. It can be noticed that the PCM for the storage length of 400mm 
experiences the highest average temperature at all the time of charging due to 
the faster melting of PCM and it reaches along with the other storages lengths of 
562.5mm and 750mm to the HTF inlet temperature by the end of the charging 
period of 54ºC. Also, the average temperatures of the other lengths of 1125mm 
and 1500mm reach the saturation temperature of 52.9ºC.  
The rate of stored heat for different PCM storages length is shown in Figure 121. 
The figure shows clearly the dependency of the amount of stored heat on the 
storage length. The difference of the rate of the stored heat is more organized 
after the 2000s of charging. After this time, the difference is constant until the 
10000s of charging. Beyond this point, the heat rate starts decreasing as the PCM 
was nearly in complete melting at the storage of the length of 400mm, 562.5mm 
and 750mm.   
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Figure 120. The average temperature of PCM versus time for various PCM 
storage lengths. 
 
Figure 121. The rate of the stored heat versus time for various PCM storage 
lengths. 
5.2 Experimental study of the PCM thermal storage system 
The main objective of the experimental study is to examine the performance of a 
PCM storage system filled by a PCM. The experiment setup is designed so that 
it is able to investigate on the performance of: 
• A single PCM storage using different PCM melting temperature, 
orientations and under different working conditions such as the HTF flow 
rates and HTF inlet temperatures. 
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• Using multi-stage PCM storages technique for enhancing the thermal 
conductivity of the PCM and the effect of working conditions.   
5.2.1 PCM storage design and materials selections 
As discussed earlier, the cylindrical PCM storage is the most convectional 
geometry for the thermal storage applications. Therefore, the cylindrical 
configuration for the PCM thermal storage system is used. The PCM storage 
consists of elementary parts of a shell and tube heat. The PCM is placed inside 
the shell whereas the heat transfer fluid (HTF) is circulated inside the tube. 
Selection of materials of the container is another critical parameter for the PCM 
storage. The main three materials to be selected are the PCM, outer container 
and the tube. The main characteristics of the material of the outer container is the 
low thermal conductivity, withstand the required storage temperature, to prevent 
any PCM leaking during the operation and transparent for the PCM melting 
visualization purposes. The most convenient material is the acrylic material in 
which it offers low thermal conductivity (0.21 W/m·K) [119]. The heat loss to the 
environment could also be eliminated using a thermal insulation around the outer 
surface. The HTF tube materials must be made from high conductive materials 
such as copper, aluminium and stainless steel to increase the heat transfer rate. 
The photograph of the PCM container and the HTF tube are shown in Figure 122.  
  
(a) (b) 
Figure 122. Photographs of (a) the PCM container and (b) HTF tube. 
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A photograph of the assembled PCM storage test section is shown in Figure 123. 
It consists of a single copper tube enclosed by a transparent acrylic shell for PCM 
melting profile visualisation. The HTF flows through the tube and exchange the 
thermal energy to the PCM in the shell. The inner diameter of the tube (Dt) is 
8mm with a thickness of 2mm. The inner diameter of the PCM container is 40mm 
with thickness of 4mm and its height (L) is 183mm and it can be filled with 170g 
of PCM. All parts of the test section are tightly joined to avoid any HTF and PCM 
leakage.  
Five thermocouples of 0.5mm dia with a measuring accuracy of ±0.1°C are fixed 
near to the tube to measure the temperature of the PCM. The temperatures are 
distributed along the container of 45.7mm apart and in the middle radial of the 
PCM as shown in Figure 123 (C). In addition, a single thermocouple is placed at 
the corner edge of the container to capture the complete melting time of the PCM. 
The thermocouples have been calibrated using the constant temperature water 
bath of a temperature range between 0ºC and 100ºC with an accuracy of ±0.1ºC.   
 
  
(a) (b) (c) 
Figure 123. The final arrangement of the PCM storage test section (a) 
Photograph (b) dimensions and (c) Thermocouples distribution. 
5.2.2 Experimental setup and procedure 
As stated above, two investigations have been carried out to study the PCM 
storage under different working conditions; the single stage PCM storage and the 
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multi-stage PCM storage. The experimental setup for the investigations of the 
single PCM storage is shown in Figure 124. The test section of the single PCM 
storage is designed such as it is equipped with an adjustable-tilt mechanism for 
the PCM storage inclination study.  
 
Figure 124.  Schematic of the single PCM storage experimental setup.  
The multi-stage PCM storage experimental setup photograph and its schematic 
are shown in Figure 125 and Figure 126, respectively. The three PCM storage 
stage are placed in parallel where the HTF flows from the high PCM melting 
temperature storage to the lower PCM melting temperature storage. 
 
Figure 125.  Photograph of experimental setup; (1) HTF circulation bath, (2) 
variable area glass flowmeter, (3) Test module, (4), (5) Data logger and (6) 
Personal computer. 
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Figure 126. Schematic of the multi-stage PCM experimental setup. 
For the fluid heat load, the fluid entered the tube at an inlet temperature (Tin) and 
the inlet temperature and the outlet temperature (Tout) were captured using an 
inline thermocouple of pro type. The HTF exchanged the heat with the PCM at a 
controlled volume flow rate using a variable area flowmeter and varied by a built-
in valve at the inlet of the flowmeter. The HTF was heated in a constant inlet 
temperature (Tin) using a constant temperature water bath and circulated using a 
built-in pump. In the present study, De-ionized water was selected as the heat 
transfer fluid (HTF). The data acquisition system for temperature readings was a 
40-channel Keithley 2700. A digital camera was used to capture the melting 
profile images for every 1-minute time interval. 
The filling of the PCM inside the container is the same for all experimental tests. 
The PCM quantity of 170g is melted using a hot plate of temperature of 60ºC. 
Then, the liquid PCM is poured inside the container. An air gap is noticed at the 
top of container, this is due to the volume contraction of the solid PCM by 15% 
compared to the PCM in liquid phase. Before starting each experiment, it is very 
important to ensure that the PCM temperature is homogenous and in the 
specified initial temperature of 20°C. Therefore, the HTF is circulated at a 
temperature of 20°C using the circulation bath for 3 hours. Subsequently, the 
experiment is started by circulating the constant temperature HTF of a fixed flow 
rate. The inlet and outlet HTF temperatures, as well as the PCM temperature 
across the PCM storage and the external temperature are measured and 
recorded in an interval of 30 seconds. 
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5.3 Results and discussion 
This section presents the results of the thermal characteristics of both the single 
PCM storage and multi-stage PCM storage under different conditions. The 
numerical results from COMSOL simulations were carried out for the 
understanding the behaviour of the PCM and to conduct a parametric study. 
5.3.1 Single PCM storage thermal analysis  
This section investigates the effect of the HTF flow rate and inlet temperature on 
the PCM storage performance. Then, the effect of the storage inclination in three 
different inclination positions on the thermal behaviour of the PCM storage 
system such as the temperature distribution across the storage system, the PCM 
melting profile, the motion of the liquid PCM. 
5.3.1.1 Thermal characterization of PCM storage using RT35  
The influence of the HTF inlet temperature and flow rate on the charging rate is 
investigated in this section. The PCM charging period starts with the first PCM 
melting and ends with the complete melting of PCM. In this study, the complete 
PCM melting time was found using the system photograph analysis and the 
temperature measurements simultaneously. T6 represents the last PCM melting 
point in the system and its behaviour can be used as an indication for complete 
melting of the PCM. Figure 127 shows the temperature distribution of the PCM 
along the test section and the melting profile photograph for RT35 of 60°C HTF 
inlet temperature of flow rate of 120ml/min. At the beginning of the charging 
period, the temperature of PCM in the locations between T2 to T5 are the same 
until the 10th minute, this indicates that the PCM is solid phase and the absorbed 
heat is stored in sensible form which causes a gradual increase in the PCM 
temperature of up to 34ºC. However, T6 experiences less temperature raise due 
to its location at the edge of the storage and less heat is transferred because of 
the low conductivity of the PCM. After that, a gradual increase of the PCM 
temperature in each location. Once the PCM melts completely, the PCM 
temperature reaches to the steady state condition. This steady state condition is 
proportional to the location of the PCM i.e. PCM at the top has a higher 
temperature than the PCM at bottom. By the end of the charging period, the PCM 
temperature range is between 50ºC to 58ºC. This PCM temperature variation 
inside the storage can be referred to fluid convection phenomena which is 
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explained later in more details. In ideal condition the temperature of the PCM at 
the steady state condition has to match the HTF inlet temperature. The current 
different can be explained due to the heat transferred to the ambient as waste 
heat. The PCM temperature at T6 shows a sudden increase from 34 ºC to 43 ºC 
within 15 minutes which indicates that the melting occurs within this period. The 
photograph confirms the complete PCM melting time is in approximately in the 
96 minute. 
 
(a) 
     
t=0min t=25min t=50min t=75min t=100min 
(b) 
Figure 127. Experimental (a) PCM temperature along the storage versus time 
(b) Photographs of the PCM storage at different time points of 60°C HTF inlet 
temperature of a flow rate of 120ml/min. 
The heat transfer rate to the PCM is shown in Figure 128. At the beginning of the 
charging process, heat transfer rate is decreased sharply from 23.6J/s to 12.5J/s 
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in 5.5 minutes due to system components heating up such as the copper tube. 
Then, the stored heat decreases gradually between the 13 minutes and the 52 
minutes of charging of rate of 7.4J/s. This shows the maximum melting rate of the 
PCM occur in this period of charging. After that, the stored heat rate is further 
reduced until the 96 minutes where full PCM melting is expected at this point and 
the heat absorbed beyond this point is for the sensible heat for the PCM and the 
wasted heat to the ambient.     
 
Figure 128. The stored heat rate of the PCM storage for RT35 of HTF inlet 
temperature of 60ºC and HTF flow rate of 120ml/min. 
5.3.1.2 Effect of the HTF inlet temperature 
The effect of HTF inlet temperature is investigated using various HTF inlet 
temperatures of 60ºC, 55ºC and 50ºC using the PCM storage filled by RT35.  
Figure 129 shows the PCM temperature at T6 for various HTF inlet temperature 
for 120ml/min fluid flow rate. The figure shows clearly that the melting time of 
PCM is reduced when the fluid inlet temperature is increased from 50ºC to 60ºC. 
The results show also that the complete melting time of the PCM is 96, 146 and 
240 minutes for HTF inlet temperature of 60ºC, 55ºC and 50ºC, respectively. This 
indicates that the HTF inlet temperature plays an important role in reducing the 
complete melting time. In addition, the photographs show no effect of the HTF 
inlet temperature in the general PCM melting profile where the PCM melts in 
horizontal line perpendicular to the axial axis from the inner to the outer side. 
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Figure 129. PCM temperature at the lower bottom of the PCM storage (T6) for 
120ml/min HFT flow rate and different HTF inlet temperatures. 
Also, the temperature of the PCM at locations of T1 and T5 is compared for the 
different HTF inlet temperatures as shown in Figure 130. By the end of the 
charging period, the results show a noticeable increase of the PCM temperature 
at T1 by11.3ºC and 7.5ºC when the HTF inlet temperature is increased from 50 
ºC to 55ºC and 60ºC, respectively. Also, By the end of the charging period, the 
results show an increase of the PCM temperature at T5 by 3.5ºC and 8ºC when 
the HTF inlet temperature is increased from 50 ºC to 55ºC and 60ºC, respectively. 
  
(a) (b) 
Figure 130. The heat stored rate of the PCM storage for RT35 of HTF inlet 
temperature of 60ºC and HTF flow rate of 120ml/min at (a) T1 and (b) T6. 
5.3.1.3  Effect of the HTF flow rate 
The effect of the HTF flow rate on the PCM storage performance is investigated 
here by varying the HTF flow rate between 60ml/min to 120ml/min. Figure 131 
shows that the HTF flow rate has relatively an insignificant effect on the complete 
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PCM melting time. This might be due to nature of the PCM storage where the 
optimum HTF flow rate is reached. Also, this indicates that the heat charging rate 
is not affected by the HTF flow rate i.e. similar melting profile is expected for both 
HTF flow rates at the same HTF inlet temperature. 
 
Figure 131. PCM melting time for different HTF inlet temperatures and flow 
rates. 
5.3.1.4 Effect of the PCM storage inclination 
The influence of the PCM storage inclination is investigated in three positions of 
0º, 45º and 90º. Figure 132 shows the temperature distribution of PCM in the 
storage system along the axial direction of storage at inclination positions of 0º, 
45º and 90º. In the 0º (Figure 132 (a)), the temperatures of the PCM at the 
different locations are the same at the beginning of the charging except for the 
PCM at T1.  This continue until the 10 minutes of charging where the temperature 
of the PCM reaches 34ºC i.e. close to the PCM melting temperature. This shows 
that the absorbed heat is used to raise the temperature of the PCM (sensible 
heat) where the PCM requires only a small amount of heat to increase its 
temperature from 20 ºC to 34ºC.  Then, the temperature of PCM at each location 
starts to deviate from each other’s depending on their location where the top PCM 
temperature increases faster than the PCM in the lower part of the storage. The 
temperature of PCM at T1 shows that the start of latent heat period is after 14.5 
minutes of charging at temperature of 54.65ºC and continue until the 47.5 
minutes of charging. The latent heat period for the PCM in the other locations (T2 
to T5) vary on the time and temperature. Theoretically, the temperature of PCM 
in the latent heat period is constant and interestingly it is almost unclear in T4 and 
T5 and this is due to slow melting rate effect. In the final stage of charging, the 
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PCM temperature in all locations reach their steady state and the temperatures 
of the PCM vary from each other approximately in a linear increment. By the end 
of the charging process, the maximum PCM temperature at T1 is 57.9°C and the 
lowest is at T5 of 49.8°C. 
The PCM temperature distribution inside the storage in the 45° inclination is 
shown in Figure 132 (b). Unlike, the 0º inclination, the PCM temperature 
distribution inside the storage in the 45° inclination during the sensible heat vary 
at each location. By the end of the charging duration, the PCM temperature 
reaches its steady state condition and the temperature of PCM in T1 is lower than 
the 0° inclination by 1.2°C and the temperature of PCM in T5 is higher than the 
0° inclination by 0.6°C. Also, the temperature gradients of the PCM in this 
inclination are more uniform compared to the 0° inclination by the end of the 
charging period.  
A more interesting temperature distribution of the PCM inside the PCM storage 
is in the 90º inclination (Figure 132 (c)) where the temperature is similar in all the 
axial locations. By the end of the charging period, the PCM temperature is the 
same in all locations along the axial axis of approximately of 55.5°C. This shows 
that heat is transferred equally in the axial and further analysis of PCM 
temperature in the T6 is required for more understanding of the temperature 
distribution. 
It is expected the last PCM will melt in the lower corner at T6 and the comparison 
of the temperature of T6 in all inclination positions could be used to find out the 
complete melting of the PCM. Figure 133 shows the temperature of PCM at T6 
of storage inclination of 0 º, 45º and 90º. At the beginning of charging, the figure 
shows a similar temperature for all inclination positions until the PCM temperature 
reaches 30°C at 54 minutes. After that, the temperature of PCM at T6 in the 
storage of the 45° inclination is increased compared to the other inclinations until 
it reaches to 45°C at the 85 minutes. Then the temperature raises gradually and 
reaches its steady state in the 92 minutes of charging at temperature of 46.1°C. 
The behaviour of PCM’s temperature in T6 in the storage of 0° inclination is 
similar to that in the 45° inclination but the complete melting is estimated at 98 
minutes and the steady state is delayed to the 110 minutes of charging at 
temperature of 45.8°C. The temperature of PCM at T6 in the storage at 90° shows 
a slow increase and does not reach to the steady state by the end of the charging 
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period of 240 minutes. In conclusion from this figure, the temperature of the PCM 
at the lower edge of the PCM storage gives an approximate time of complete 
melting of the PCM. Also, the PCM storage at 45° inclination is the fastest in 
melting the PCM followed by the 0° inclination and the longest PCM melting time 
is at the 90° inclination. The melting rate could be explained extensively by a 
close look into the solid-liquid melting profile as detailed below.      
  
(a) (b) 
 
(c) 
Figure 132. PCM temperature distribution in the axial direction inside the PCM 
straoge for storage inclination positions, 0º, 45º and 90º (a, b, and c) for RT35 
of HTF inlet temperature of 60ºC and flow rate of 120ml/min. 
 
Figure 133. The PCM temperature in the lower bottom (T6) inside the PCM 
storage of inclinations of 0º, 45º and 90º. 
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• Effects of inclination on solid-liquid melting profile 
Visualizing the solid-liquid interface progression with time inside the PCM storage 
is important for better understanding of the PCM melting behaviour inside the 
PCM for all the inclinations. Figure 134, Figure 135 and Figure 136 show the 
experimental photograph of the PCM melting progression, the simulation melting 
progression and the simulation PCM temperature inside the PCM storage at the 
three inclinations for a constant HTF inlet temperature of 60ºC and a flow rate of 
120ml/min. In the figures, the white and transparent colours represent the solid 
and liquid PCM, respectively.  At the beginning of the charging, the heat transfer 
mode within the PCM is only using conduction heat transfer. The visual 
observation of the melted PCM inside the storage starts in the 14, 5 and 13min 
for the 0º, 45º and 90º inclination, respectively. 
The outer photographs of the PCM melting profile for the storage in the 0º 
inclination is seen from Figure 134(a)-(d). The PCM solid-liquid interface occurs 
in horizontal line starting from the top of the storage to the bottom until the 
complete melting of PCM in all the sides of the storage. The photographs show 
that the PCM has melted completely in the 98 minute which matches with the 
melting time approximation using the T6 measurements. The simulation 
diagrams of the PCM melting profile is very useful tool since the internal 
behaviour can be investigated. The diagrams of simulation melting profile of the 
PCM as in Figure 134 (e)-(h) show that during the initial period of melting, the 
PCM adjacent to the hot pipe is melted first making in a thin layer of the liquid 
PCM from the top to the bottom. The melting process initiates the natural 
convection heat transfer mode. Also, the buoyant force effect increases due to 
the fact of PCM tends to expand, reduce its density. The development of buoyant 
force resulting a faster melting of PCM at the top of the storage compared to the 
bottom and causes upwardly convex shape. During the melting period, the axial 
PCM melting rate is considered faster than the radial melting rate in terms of 
length measurement at this inclination.   
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Figure 134. Experimental PCM melting photographs (left), simulation melting 
profile (centre) and simulation PCM temperature (right) for the PCM storage in 
0º inclination at different time. 
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Figure 135 shows the PCM melting profile (experimental and simulation) and 
temperature distribution inside the PCM storage in the 45º inclination. Unlike the 
melting of the PCM at the inclination of 0º, the experimental photographs show a 
faster PCM melting rate at the top part of the container compared to the lower 
part and only a small portion of solid PCM is found after 80 minutes of charging. 
This difference in melting can be referred to the movement of the hot liquid PCM 
buoyant in the direction opposite to the gravity and impinges to the solid PCM at 
the top part opposite to the gravity direction which means that the PCM melting 
rate will be the fastest among all other directions in the storage. The melting of 
PCM in this inclination has been explained by others for rectangular container as 
three-dimensional flow structures and vortex motions in the liquid PCM and this 
is valid as well for the cylindrical PCM storage [192,193]. 
The PCM melting profile and temperature distribution inside the PCM storage in 
an inclination 90º are shown in Figure 136.  As shown from the figure, the PCM 
solid-liquid interface is in a straight horizontal line along the container starting with 
the upper side of the axial axis and the same reason can be referred of the hot 
liquid PCM movement in the direction opposite to the gravity. Melting of PCM in 
straight line profile continue until the last portion of PCM left in bottom of the 
container. One thing to note here is that the PCM at the bottom of the container 
could not be melted completely even when the test period extended up to 240 
minutes and this is considered as a drawback of selecting this position. 
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Figure 135. Experimental PCM melting photographs (left), simulation melting 
profile (centre) and simulation PCM temperature (right) for the PCM storage in 
45º inclination storage at different time
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Figure 136. Experimental PCM melting photographs (left), simulation melting profile (centre) and simulation PCM temperature (right) for 
the PCM storage in 90º inclination at different tim
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• Effects of inclination on the PCM flow 
To further evaluate the effect of the storage inclination position on the convection 
within the PCM, the PCM flow using the numerical model is investigated. Figure 
137, Figure 138 and Figure 139 show the PCM flow and velocity vector 
distribution within the PCM storage for the storage in the inclinations of 0º, 90º 
and 45º, respectively. Figure 137 shows the melted PCM adjacent to the HTF 
pipe surface experiences the highest velocity at the beginning of charging period 
(20min) and very few PCM flows downwards due to the system start up condition. 
The high flow of PCM near to the hot pipe causes a large non-uniform PCM flow 
within the container and explains the high melting rate in the axial direction 
compare radial direction [204]. With the proceeding of the melting process, the 
PCM adjacent to the container wall travels downward faster (blue colour indicates 
the flow in the opposite to gravity direction). 
  
Time=20min Time=80min 
Figure 137. PCM flow inside the PCM storge in 0º inclination cross section. 
Figure 138 shows the PCM flow distributions in liquid phase in the cross section 
in the middle of the container (0.5L) at the storage of 90º inclination. In the 20 
minute of charging process, the liquid PCM flows in the upper direction and 
making a vortex at the top of the container and the cooled liquid PCM flows in the 
direction adjacent to the inner wall of the container. This means that most of the 
absorbed heat is stored in the upper part of the storage. As the melting continue, 
the liquid PCM vortex is still active and more liquid PCM movement in the lower 
part is noticed. 
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Time=20min Time=80min 
Figure 138. PCM flow inside the heat exchanger in 90º inclination cross section 
at length=0.5L. 
The liquid PCM flow for the storage in 45º inclination as shown in Figure 139 is 
different from the two other inclination positions (0º and the 90º) where the liquid 
PCM flows in more uniformity along the top axial and radial directions. This 
behaviour explains the fast melting rate of PCM in the upper side of the storage 
in both radial and axial directions. At later stage of melting (80min), the PCM 
located in the lower part of hot pipe flows toward the base container which helps 
overall PCM melting rate. 
 
 
 
Time=20min Time=80min 
Figure 139. PCM flow inside the heat exchanger in 45º inclination cross section 
at length=0.5L. 
• Effects of inclination on the charging rate 
Figure 140 illustrates the HTF temperature difference between the inlet and outlet 
during the melting process for the storage at different inclination. The results are 
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shown from the fifth minute for visualization purposes where the difference at the 
beginning of the chagrining is significant compared to the period after the 5th 
minute. Also, the figure shows that the HTF temperature difference in of the 
storage in the 0º inclination is more stable than of the storage in the 45º 
inclination. According to this figure, when the PCM storage is positioned at 45º, 
the HTF temperature difference is the maximum among the other two inclination 
positions until the 50.5 minute of charging. This means that the heat stored rate 
in the system is more in the 45º and followed by the storage in the 0º inclination. 
This observation is severely due to the complete PCM melting in the upper side 
of the tube where the natural convection is more significant as explained in the 
previous sections. After this period of charging, the situation is changed where 
the PCM storage in the 0º inclination stores heat at higher rate than the storage 
in the other two inclination positions. 
 
Figure 140. HTF inlet and outlet temperature difference for the PCM storage at 
different inclination positions for RT35 of HTF inlet temperature of 60ºC and 
HTF flow rate of 120ml/min. 
5.3.1.5 Effect of the PCM latent heat density 
The effect of latent heat on the thermal behaviour of the PCM storage was 
investigated using similar PCMs melting temperature with different latent heat 
capacity. In this case, RT27 and RT28HC was selected of heat capacity of 
179kJ/Kg and 250kJ/kg, respectively. Their melting temperature difference was 
only 1ºC different and can be neglected due its low value. The results show that 
the melting time for RT27 PCM storage is less than the melting time for RT28HC 
by 35%. This can be realized by referring to Figure 141. Also, the PCM in the 
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RT28HC could not capture all the heat provided by the HTF due to the limit in the 
thermal conductivity of the PCM.  
    
RT27 RT28HC RT27 RT28HC 
(a) (b) 
Figure 141. PCM melting photograph for RT27 and RT28HC with HTF inlet 
temperature of 55ºC and flow rate of 60ml/min at (a) 20min and (b) 55min. 
The temperature distribution of the PCM for both PCM storages is shown in 
Figure 142. It can be seen that the temperature distribution of the PCM in the 20 
minute of charging when using the RT27 is higher at the middle of storage (T3, 
T4 and T5) than when using the RT28HC. At the same time of charging, the 
temperature of PCM when using RT28HC at T1 is higher than when using the 
RT27. This is because that slower heat rate is transferred to the PCM in the 
RT28HC case due to its high latent heat capacity. By the end of the complete of 
melting of RT27 (55min), the temperatures of T1, T2 and T3 of RT28HC are 
higher than in RT27 whereas the temperature of T4 and T5 in RT27 are higher 
than in RT28HC. The same reason of the high density can be referred to explain 
this increase.  
 
Figure 142. Temperature distribution within the PCM storage for RT27 and 
RT28HC for 60ml/min HTF flow rate and 55ºC HTF inlet temperature in different 
times. 
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5.3.2 Enhancement of TES using multi-stage technique 
This section reports experimental results of multi-stage PCM storage systems. 
The investigation includes the overall characteristics of a multi-stage system by 
examining the PCM temperature distribution, stored heat rate and PCM melting 
profiles. Then, the effect of several parameters is investigated experimentally 
such as the HTF flow rate and inlet temperature.  The considered PCM 
arrangements are as the following: 
• Case 1: PCM1: RT27, PCM2: RT27, PCM3: RT27 
• Case 2: PCM1: RT42, PCM2: RT35, PCM3: RT27 
• Case 3: PCM1: RT42, PCM2: RT42, PCM3: RT42 
5.3.2.1 Overall multi- stage PCM system performance 
The overall performance of multi-stage PCM storage is presented in this section. 
The HTF flow rate and inlet temperature are 120ml/min and 60ºC, respectively. 
Table 25 shows the melting time of each arrangement. In the case of same PCM 
filling with RT27 (case 1), all the PCM storages are melted in less than 50 minutes 
of charging with an interval difference of 5 minutes of each other. In the case of 
same PCM filling with RT42 (case 3), the PCM melting time is extended up to 
411 minutes for the last PCM storage tank. More different melting time is noticed 
for each storage at each of the storage compared to the case. This can be 
explained due to fact that the HTF outlet temperature is higher than the melting 
temperature of the PCM in case 1 compare to the melting temperature of PCM in 
case 3. In addition, the HTF temperature after each stage is reduced more in 
case 1 compared to case 3.   In the case of different PCM storage of RT42, RT35 
and RT27 (case 2), it is noticed that the last storage stage PCM 3 melts faster 
than PCM1 and PCM 3 due to its lower melting temperature compared to the 
other two PCMs.  It is good to note that the melting time for PCM 3 in case 1 and 
case 2 is kept unchanged for the both cases of 50 minutes. However, the melting 
time for the PCM 1 decreases slightly between the two cases (case 2 & case 3).  
This is due to the slight fluctuations of both HTF flow rate and inlet temperature. 
In order to visualize the PCM melting profile and fraction, Figure 143, Figure 144 
and Figure 145 show the melting profile for cases 1, 2 and 3, respectively. It is 
noticed that all cases follow the same type of melting profile of a horizontal line. 
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Also, a clear PCM gradual melting is noticed in the case 2 in Figure 144 due to 
the large PCM melting temperature difference between the stage between the 
RT27 and the other two PCMs (RT42 and RT35). Also, the difference in the 
melting progress is noticed in the same PCM type (case 3), this is due to the 
slight difference HTF inlet temperature at each stage.     
Table 25. The complete PCM melting time in minutes for different PCM 
arrangement. 
Case 1 Case 2 Case 3 
RT27 RT27 RT27 RT42 RT35 RT27 RT42 RT42 RT42 
40 45 50 245 108 50 265 390 411 
  
  
(a) (b) 
Figure 143. PCM melting photographs for case 1 (RT27) with HTF inlet 
temperature of 60ºC and flow rate of 120ml/min at (a) 40min and (b) 240min. 
 
 
 
(a) (b) 
Figure 144. PCM melting photographs for case 2 (RT42-RT35-RT27) with HTF 
inlet temperature of 60ºC and flow rate of 40ml/min at (a) 40min and (b) 240min. 
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(a) (b) 
Figure 145. PCM melting photographs for case 3 (RT42) with HTF inlet 
temperature of 60ºC and flow rate of 240ml/min (a) 60min and (b) 240min. 
The temperature distribution of the PCM in case 1, 2 and 3 is reported as shown 
in Figure 146. It can be seen that the temperature distribution of the PCM in case 
1 at T1 is similar for all storages of a difference of 1°C. However, the temperature 
of PCM at the middle of the storage (T2-T5) is higher in PCM 2 and PCM 3 
compared to PCM 1. The average temperature of PCM in case 2 is considered 
higher than in case 1 and case 3 and the maximum temperature reaches to 
57.5°C, 56.5°C and 55.4°C, respectively. This concludes that the multi-stage 
PCM arrangement could be used to increase the PCM average temperature.  
 
Figure 146. PCM temperature distribution inside the multi-stage storage at the 
melting time for different arrangements for HTF inlet temperature of 60ºC and 
flow rate of 120ml/min. 
The rate of stored heat and the accumulated heat until the completed melting for 
case 1, case 2 and case 3 is shown in Figure 147. The heat transfer rate in the 
case 1 is more than to case 2 and 3 for the same period of complete melting of 
case 1 (50minutes), this is because of the lower PCM melting temperature in case 
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1 compared to case 2 and 3 with a total stored heat of case 1 of 168kJ. However, 
the larger the melting temperature difference between PCMs stages, the more 
sensible heat is stored in the PCM storage. This is due to the fact that the PCM 
with the lowest melting temperature melts quickly when the melting temperature 
difference between the PCMs stage becomes greater as seen in case 2 and case 
3. The total heat stored in case 2 and case 3 are 408kJ and 425kJ, respectively.  
  
(a) (b) 
 
(c) 
Figure 147. Heat storage rate and accumulated stored heat versus time with 
HTF inlet temperature of 60ºC and flow rate of 120ml/min for multi-storage 
arrangement (a) Case 1, (b) Case 2 and (C) case 3. 
5.3.2.2 Effect of HTF flow rate on the multi-stage PCM storage system 
The effect of the HTF fluid flow on the melting time for the different PCM 
arrangement cases is shown in Table 26. It can be noticed that melting time is 
reduced by 10% of PCM 3 for the case 1 arrangement as the HTF flow rate is 
increased from 120ml/min to 240ml/min whereas no change of the melting time 
is noticed to the PCM 1 and PCM 2. A general reduction of the melting time for 
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the case 2 arrangement especially in the PCM 2 (8 minutes) and PCM 3 (4 
minutes) as the increase of the HTF flow rate due to the high melting temperature 
of PCM 1. A dramatic decrease of the melting time as the HTF flow rate is 
increase for the case 3 arrangement by 57min, 133min and 122.5min for PCM 1, 
2 and 3, respectively.   
Table 26. PCM melting time for the different PCM arrangement at HTF inlet 
temperature of 60°C for various HTF flow rates. 
 
HTF Flow 
rate 
(ml/min) 
Case 1 Case 2 Case 3 
PCM 
1 
PCM 
2 
PCM 
3 
PCM 
1 
PCM 
2 
PCM 
3 
PCM 
1 
PCM 
2 
PCM 
3 
120 40 45 50 240 108 50 276 390 411 
240 40 45 45 239 100 46 219 257 288.5 
The PCM temperature distribution inside the storages for the HTF flow rates of 
120 and 240ml/min are shown in Figure 146 and Figure 148, respectively. The 
HTF flow rate has not effect of on the temperature distribution in PCM 1 and PCM 
2 in case 1 and a slight increase in the temperature of the PCM 3. In case 2, it is 
noticed a slight increase of the PCM temperature in the locations from T2 to T5 
as the HTF flow rate is increased. Similar increase pattern is noticed in case 3 
but this includes all PCM locations (T1-T5). 
 
Figure 148. PCM temperature distribution inside the multi-stage storage at the 
melting time for different PCMs for HTF inlet temperature of 60ºC and flow rate 
of 240ml/min. 
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5.3.2.3 Investigation geometrical parameters in the multi-stage PCM storage 
This section investigates numerically the effect of geometry parameters on the 
multi-stage PCM storage system of charging and discharging process. Two 
systems are studied having the same and variable PCM volume. 
Higher PCM storage volume was considered in this section with storage length 
of 750mm, 20mm PCM storage radius and inner tube diameter of 4mm with 
thickness of 2mm. Each storage has the capacity of 777g of PCM. The HTF flow 
rate was 60ml/min and its temperatures for charging and discharging were set to 
60°C and 24°C, respectively. Both the charging and discharging durations were 
18000s for each process. The arrangement of the PCMs in multi-stage system is 
sorted in descending order of melting temperature such that higher melting 
temperature is at the inlet side of the HTF i.e. RT42- RT35-RT27. 
Figure 149 shows the liquid fraction for the PCM in the all the storages during the 
charging and discharging process. At the beginning of the charging, all the PCM 
storages melted at the same rate until the1880s where the liquid fraction reaches 
to 0.29. Then, the PCM 3 storage of RT27 is melted in faster rate compared to 
the others PCM storages due to its low melting temperature. By the end of the 
charging the PCM liquid fraction of PCM 1, 2 and 3 reach to 0.71, 0.82 and 0.99, 
respectively. 
At the discharging process, the HTF was circulated at a temperature of 24°C. The 
figure shows clearly a slight increase on the liquid fraction of PCM at the 
beginning of charging of in stages of PCM 2 and PCM 3 and an immediate 
solidification of PCM 1 starts at this period. This is due to the effect of the released 
heat by the PCM 3. The PCM 3 continues to keep the high liquid fraction on 0.99 
during the first 2480s of the discharging process (20480s of the total process). 
PCM 1 storage experiences a higher heat release and the complete release of 
the latent heat is achieved by 3440s. PCM 2 releases its latent heat at longer time 
than PCM 3 by 4368s. However, by the end of the discharging process, PCM 3 
is able to release all the latent heat at a liquid fraction of 0.082. 
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Figure 149. The PCM liquid fraction versus time for charging and discharging 
for PCM radius of 20mm of HTF inlet temperature of 60°C and flow rate of 
60ml/min. 
Figure 150 compares the PCM average temperature for the different storages. 
As expected, the average temperatures of the PCM increases with the charging 
time and the storage with the higher melting temperature i.e. PCM 1. This is due 
to the absorbed heat by PCM 1 is in the sensible form. By the end of the charging, 
the PCM average temperatures of the stages of PCM 1, PCM 2 and PCM 3 are 
45.2°C, 40.67°C and 37.01°C, respectively. In the discharging mode, 
temperature of PCM in PCM 1 and PCM 2 decrease steeply and reached to its 
minimum in at 5640s and 8660s, respectively. 
 
Figure 150. The average temperature of PCM versus time for charging and 
discharging for PCM radius of 20mm of HTF inlet temperature of 60°C and flow 
rate of 60ml/min. 
The HTF outlet temperature is shown in Figure 151 for the three storage stages. 
The HTF outlet temperature at the outlet of PCM 3 is 37°C by the end of the 
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charging process with a difference from the inlet temperature of 23°C. The outlet 
temperature of HTF increases in PCM 3 due to the effect of absorbing the heat 
in the latent heat form which causes a complete melting of PCM as pointed out 
earlier.  
 
Figure 151. The HTF outlet temperature versus time for charging and 
discharging for PCM radius of 20mm of HTF inlet temperature of 60C and flow 
rate of ratio of 60ml/min. 
For a fixed PCM volume case, two parameters to be varied; the PCM thickness 
and the storage length. These two geometry dimensions control the heat flow 
inside the PCM and hence the rate of the heat transfer and the accumulated 
stored energy. The HTF flow rate, the tube radius and thickness are fixed 
throughout the maximization process. The maximization problem is summed up 
to the following: 
Objective function: increase the total stored/released heat and increase the 
melting process. 
Constraints: 
• The average HTF velocity=0.01m/s, Re<2300 
• HTF inner radius= 4mm 
• HTF tube thickness=2mm 
Variables: r/rPCM : 1.5, 2 
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The PCM radius ratio is varied in a range between 1.5 and 2 where the PCM 
thickness of 20mm is as radius ratio of 1. Hence the length PCM diameter 
dependent equation is expressed as: 
H =
mPCM
ρPCM
∗
1
π(rPCM2−rtube
2)
       5.30 
Figure 152 compares the liquid fraction of each of the PCM storages stages 
during the charging and discharging process for PCM radius ration of 1.5 and 2.0. 
As shown in Figure 152 that increasing the PCM radius ratio by 1.5 reduces the 
PCM liquid fraction at the end of the charging period by 0.13 and 0.05 compared 
to radius ratio of 1 in the PCM 1 and PCM 2, respectively. However, a slight 
decrease on the PCM liquid fraction is noticed for PCM 3 of less than 0.02. A 
further reduction in the PCM liquid fraction is noticed when the radius ratio is 
doubled as shown in Figure 152 (b) where it reaches to 0.37, 0.58 and 0.83 of 
PCM 1, 2 and 3, respectively.  
The increase of liquid fraction of PCM 3 at the beginning of the discharging 
process is noticed in Figure 152 due to the cascaded storage effect as the radius 
ratio is increased and it is estimated to nearly of 1%. Also, a faster heat release 
by the PCM 3 stage in all the radius ratios compared to PCM 1 and PCM 2 due 
to the incomplete melting of PCM at this storage stage and the high difference in 
temperature between the HTF inlet temperate and the melting temperature.   
Also, higher PCM radius reduces the amount of heat released by the PCM and 
this is shown by higher liquid fraction for PCM 3 of 0.46 on the radius ratio of 2.   
  
(a) (b) 
Figure 152. The PCM liquid fraction versus time for charging and discharging 
for the PCM radius ratios of (a) 1.5 and (b) 2. 
Figure 153 compares the average temperature of the PCM in the different stage 
storages for the different radius ratios. It is noticed increasing the radius ratio 
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decreases the average temperature of PCM for all the stages in the charging 
process. The average PCM temperature is reduced as the radius ratio is 
increased by 3.58°C, 4.86°C and 4.12°C for PCM 1, PCM 2 and PCM 3, 
respectively. However, a lower temperature drop of the PCM is noticed in PCM 1 
and PCM 3 as the radius ratio is increased. The average temperature of PCM 1 
is the same for both radius ratios by the end of the discharging process of 26.8°C.  
  
(a) (b) 
Figure 153. The average temperature of PCM versus time for charging and 
discharging for the PCM radius ratios of (a) 1.5 and (b) 2. 
Figure 154 shows the HTF outlet temperature i.e. the heat storage rate for the 
different radius ratios. It clearly showing that at the beginning of charging process, 
less outlet HTF temperate is at the PCM radius ratio of 1.5 compared to the radius 
ratio of 2. This difference is reduced to 1.5°C in radius ratio of 1.5 compared to 2. 
Also, more heat is realised by the PCM in the radius ratio of 2 compare 1.5 and 
no difference of the HTF outlet temperature is noticed by the end of discharging 
process.    
 
Figure 154. The HTF outlet temperature versus time for charging and 
discharging for various PCM radius ratios. 
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The multi-storage PCM was studied for different geometries by varying the PCM 
volume. So, two cases were considered; case 1 investigated the effect of the 
PCM radius for a variable PCM volume in the performance of the multi-storage 
system. So, the ratio of the PCM radius to the HTF inner tube radius was varied 
in the ratio of 3, 4, 5 and 6. In this case, the storages height were kept fixed at 
750mm. Case 2 considered the effect of variation of the ratio of storage height  to 
the HTF inner of 55, 100, 150 and 200 on the performance of the multi-storage 
system. For both cases, PCM 1, PCM 2 and PCM3 were filled by RT42, RT35 
and RT27, respectively. The HTF outlet temperature was set to 60°C and of flow 
rate of 60ml/min. A summary for the cases geometry is summarized in Table 27. 
Table 27. The geomatry parameters cases 
Case # Fixed variables Ratio range 
Varied 
parameter range 
Case 1 
L=750mm 
Ri=4mm 
3<Ro/Ri<6 12<Ro<24 
Case 2 
Ro=20 and 
Ri=4mm 
55<L/Ri<200 220 <L<800 
Figure 155 shows the PCM liquid fraction for the multi-storage for various radius 
ratios (case 1). It clearly noticed a high melting rate for the radius ratio of 3 of 
complete melting of PCM 2, PCM 3 in 10000s and 6500s. In addition, the storage 
of PCM 3 experienced a liquid fraction of 0.89 by the end of charging process at 
this PCM radius ratio. Increasing the PCM radius ratio between 4 and 5 reduces 
the PCM liquid fraction of both PCM 1 and PCM 2 where PCM 3 is maintained at 
a full melting in those PCM radius ratios by the end of the charging process.  
In the discharging process, it can be observed that a lower radius ratio increases 
the heat released by the PCM as in Figure 155 (a) where by the end of the 
discharging all the storages stages are in the solid phase. Also, the higher PCM 
radius ratios between the PCM radius and the HTF inner causes a slight delay of 
solidification of PCM in all stages. However, the PCM liquid fraction of PCM 3 
increases by the end of the discharging process as the PCM radius ratio 
increases from 4, 5 and 6 of 0.11, 0.28 and 0.37, respectively. 
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(a) (b) 
  
(c) (d) 
Figure 155. The PCM liquid fraction versus time for charging and discharging 
for radius ratio of  (a) 3 ,(b) 4, (c) 5 and (b) 6. 
Figure 156 compares the average temperature of the PCM storages for the 
different PCM radius ratios. It can be clearly notice that increasing the radius ratio 
decreases the PCM average temperature during the charging process. For 
instance, increasing the PCM radius ratio from 3 to 6 reduces the temperature by 
the end of charging process of PCM 1, PCM 2 and PCM 3 by 5.5°C, 6.49°C and 
6.04°C, respectively. In the discharging process, faster PCM temperature drop is 
noticed as the PCM radius ratio is decreased. The average temperature of the 
PCM is reached to the HTF inlet temperature of 24°C for PCM 1 and PCM 2 for 
all the radius ratios by the end of the discharging process. 
Figure 157 shows the HTF outlet temperature for the different radius ratios. It 
clearly showing that the HTF outlet temperature at the highest radius ratio of 6 is 
maintained constant during the charging process and only a slight increase of 
1.3°C is noticed by the end of the charging process and this shows that the heat 
stored at fixed rate. On the other hand, the lower PCM radius ratios decreases 
its heat stored rate with time and reaches to its steady state by the end of the 
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charging process. The steady state for the radius ratio of 3 is reached at time of 
10640s.    
  
(a) (b) 
  
(c) (d) 
 
Figure 156. The average temperature of PCM versus time for charging and 
discharging for PCM radius ratio of  (a) 3 ,(b) 4, (c) 5 and (b) 6. 
 
Figure 157. The HTF outlet temperature versus time for charging and 
discharging for various PCM radius ratios. 
In the case 2 of maximizing the heat transfer rate for the PCM, the storage length 
is varied between 220mm and 800mm with a ratio to the inner tube diameter 
ratios of 55, 100, 150 and 200. Figure 158 shows the PCM liquid fraction for the 
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multi-storage for the various lengths. It clearly noticed that increasing the length 
of the storage is delayed the fully melting status of PCM 3 stage from 8140s in 
length ratio of 55 to 18000s in length ratio of 200. However, PCM 1 and PCM 2 
could not complete its melting during the charging period for the length ratios 
ranged from 100 to 200 by the end of the charging period. The non-complete of 
the melting PCM in PCM 1 stage at all the lengths ratios has dropped the liquid 
fraction significantly with time. On the other hand, the longer PCM i.e. the more 
PCM volume results a gradual solidification of the PCM and by the end of the 
discharging process, the PCM is not fully solid.  
 
 
(a) (b) 
  
(c) (d) 
Figure 158. The liquid fraction versus time for charging and discharging for the 
storage length to tube radius ratio of  (a) 55 ,(b) 100, (c) 150 and (b) 200. 
Figure 159 shows the HTF outlet temperature for the different lengths. It clearly 
showing that the HTF outlet temperature at longest storage lengths absorbed 
most of the heat. Interestingly that HTF outlet temperature have similar pattern 
during the charging process and can be approximated in parallel. In addition, the 
storage with higher length radius produces a higher HTF outlet temperature 
during the discharging period. By the end of the charging period, the HTF outlet 
temperature for all the length ratios produce the same HTF outlet temperature. 
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Figure 159. The HTF outlet temperature versus time for charging and 
discharging for various the storage length to tube radius ratio. 
5.4 Conclusions  
The present chapter reported experimental and numerical investigations on the 
thermal behaviour of a cylindrical PCM thermal storage system. The effects of 
different factors on the performance of the PCM storage were investigated such 
as the geometry, PCM melting temperature, PCM storage orientation, HTF inlet 
temperature and its flow rate. Finally, the multi-stage PCM storage technique was 
studied. 
At the beginning of the chapter, a numerical model was developed for a PCM 
storage system. The model was validated using a case study from a published 
work. The results show a good agreement of the model results with the 
considered experimental case. Hence, the model was used to conduct a 
geometric parametric study of varying the PCM thickness and its height. The 
results show a reduction by 6.5% of the PCM melting time as its radius decreases 
from 22mm to 11mm and an increase by 33% when the PCM radius increased 
from 11mm to 33mm. Also, the effect of varying the PCM radius or its height was 
investigated. The results show that longer PCM storage does not necessarily lead 
to experience lower melting time. 
In addition, an experimental and numerical study was presented for the influence 
of the storage inclination position on the melting characteristics of the melting 
process in a cylindrical PCM storage system at three inclination positions of 0º, 
45º and 90º using an HTF flow rate of 120ml/min at inlet temperature of 60ºC. It 
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is clearly shown that inclination has a major impact on the melting characteristics 
of the PCM. The PCM in a storage at inclination position of 45º melts faster than 
the PCM in the heat exchanger in the vertical and horizontal position where the 
PCM melting time is reduced in the storage inclination position of 45º by 13% 
compared to the one in the vertical position. The PCM melting profile in the 
storage differs at inclination positions , for example, the PCM melts faster in the 
axial direction than the radial direction in the storage of 0º inclination position. 
The opposite PCM melting behaviour was observed in the storage of 90º 
inclination position where it melts faster in the radial direction than the axial 
direction. The PCM melting behaviour in the storage of 45º inclination position in 
both directions the axial and radial occurs with similar rate. The liquid PCM motion 
within the heat exchanger has an important influence on the PCM melting rate 
where the PCM facing the direction of the buoyant force is melted at a faster rate 
compared to the PCM located in all other directions. During the charging period, 
the PCM in the lower part of the storage in the 90º inclination position was not 
melted completely which is considered as a disadvantage on selecting this 
inclination position. It has been found that the melting time is not affected by the 
HTF increase from 60ml/min to 120ml/min. However, an HTF inlet temperature 
increase causes a reduction in the PCM but in contrast no change in the PCM 
melting profile is noticed due to the operating conditions. 
At the end of the chapter, the enhancement of TES using the multi-storage 
technique was investigated by examining the temperature distribution, stored 
heat and melting profiles. The results show that arranging the PCM from higher 
to lower melting temperature, no increases the overall PCM temperature which 
is an advantage in terms of the heat quality. A greater reduction of the melting 
time was observed for the PCM with the higher melting temperature.   
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Chapter 6 : HCPV-MLM and PCM storage 
integration 
In previous chapters, the performance of the two different systems the MLM and 
multi-stages PCM storage were analysed under different operating conditions. As 
pointed out in the literature review, very little attention has been given to the 
integration of the CPV and PCM storage system. For the HCPV-MLM, a 
fundamental factor of great importance for highly efficient operation is its 
integration with the PCM storage and the combination can represent interesting 
solutions for various domestic applications. The HCPV-MLM in such a system 
generates both electricity and thermal energy. The obtained experimental results 
for the heat discharged by the HCPV-MLM system is characterized as time 
dependent and the integrated PCM storage system must be able to 
accommodate this behaviour using the conventional control or using the 
maximization approach. This chapter presents the numerical analysis of the 
integration between the HCPV-MLM modules with the PCM storage system. 
6.1 Description of the CPVT-MLM and PCM storage 
In the previous chapters, the analysis of the two systems of the HCPV-MLM and 
the PCM storage has been performed. This study is very important for evaluating 
whether the integrated two systems have the potential to be useful for hybrid 
electrical and thermal generation based on the technical aspects. The 
combination of the HCPV-MLM system and PCM storage consists of a HCPV-
MLM system that acts as both electrical and heat source, PCM storage that acts 
as thermal storage to store the heat. The multi-stage PCMs storage is used to 
enhance the heat transfer for the input thermal and the PCM thermal conductivity. 
A discharge heat load is connected to the system to be utilized for the domestic 
heating. The proposed system is shown in Figure 160. 
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Figure 160. The schematic of the integration of the HCPV-MLM with the PCM 
storage and heating load. 
6.1 Performance of the HCPV-MLM and PCM storage 
Since the HCPV-MLM system can produce heat and electricity simultaneously, 
the evaluation criteria for the performance of the system includes the thermal 
efficiency 𝜂𝑡ℎ and the electrical efficiency 𝜂𝑒𝑙𝑒𝑐, and they are calculated based on 
the following definitions [283]: 
𝜂𝑡ℎ,𝐶𝑃𝑉 = ?̇?𝑡ℎ,𝐻𝐶𝑃𝑉/A𝑟𝑒𝑓Pin    6.1 
where A𝑟𝑒𝑓 is the primary reflector area, 𝑃𝑖𝑛 is the energy received by the 
primary reflector (W/m²) and ?̇?𝑡ℎ,𝐶𝑃𝑉 is the thermal energy collected by the 
HTF and it is calculated by:  
?̇?𝑡ℎ,𝐻𝐶𝑃𝑉 = ṁCp(T𝑜𝑢𝑡 − Tin)    6.2 
Where ṁ is the HTF mass flow rate (kg/s), Cp is the HTF heat capacity. The 
HCPV electrical efficiency (𝜂𝑒𝑙𝑒𝑐,𝐻𝐶𝑃𝑉) is calculated by: 
𝜂𝑒𝑙𝑒𝑐,𝐻𝐶𝑃𝑉 = Pelec,HCPV/A𝑟𝑒𝑓Pin     6.3 
Where Pelec,HCPV is the electrical power of the HCPV. The total system efficiency 
(𝜂𝑡𝑜𝑡𝑎𝑙,𝐻𝐶𝑃𝑉) is presented by expressed by: 
𝜂𝑡𝑜𝑡𝑎𝑙,𝐶𝑃𝑉 = 𝜂𝑡ℎ,𝐶𝑃𝑉 + 𝜂𝑒𝑙𝑒𝑐,𝐶𝑃𝑉    6.4 
However, the heat produced by the HCPV-MLM system is not fully stored by the 
integration of the PCM storage. This is due to the heat loss to the ambient and 
due to the inability of the system to absorb the heat presented at the HTF. 
Therefore, the energy balance of the thermal energy of the HCPV-MLM and the 
PCM storage is defined by: 
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?̇?𝐻𝐶𝑃𝑉 = ?̇?𝐻𝐶𝑃𝑉−𝑃𝐶𝑀 + ?̇?𝑃𝐶𝑀 + ?̇?𝑃𝐶𝑀−𝑎𝑚𝑏   6.5 
Where ?̇?𝐻𝐶𝑃𝑉−𝑃𝐶𝑀 is the transferred heat to the ambient between the HCPV and 
PCM system and ?̇?𝑃𝐶𝑀−𝑎𝑚𝑏 is the transferred heat to the ambient as a result of 
not being absorbed by the PCM storage. 
6.1 Mathematical HCPV-MLM and PCM storage formulation 
A dynamic numerical model is needed to consider the variable heat produced by 
the HPCV-MLM during the daytime to the integrated PCM storage system. The 
following assumptions is made for the modelling: 
- The HCPV-MLM setup is thermally insulated and the heat lost to the 
ambient is neglected. 
- The HTF inlet temperature to the HCPV-MLM is constant. 
- All the DNI that is not converted to electricity is converted to heat. 
- The PCM storage is fully insulated and its temperature is homogeneous at 
the start of charging of 20°C.  
6.2 HCPV-MLM and PCM storage system 
In this section, the integration between the single solar cell HCPV module tested 
in chapter 4 and the PCM thermal storage model validated in chapter 5 is 
investigated. A single solar cell is attached to a PCM storage system. The HTF 
flow rate is 60ml/min and the HTF outlet temperature from the HCPV during the 
day is shown in Figure 161. The shown HTF outlet temperatures are for the two 
days of the outdoor tests. Analysing the HTF outlet temperature from the HCPV-
MLM system is very important in terms of selecting the most appropriate PCM 
melting temperature. As the HTF inlet temperature is specified by 20°C, this is 
considered as the initial condition for the PCM storage. The upper limit of the 
system is the HTF outlet temperature where it reached up to 27.09°C and 
29.60°C for the 26th and 27th of September, respectively.  
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Figure 161. HTF outlet temperture for the two days of operation. 
Based on the above facts, the PCM melting temperature of the storage should be 
in the range of the 20°C C and 29°C. Hence, the cases of the PCM arrangement 
that have been investigated in this study are shown in Table 28.  
Table 28.List of PCM arrangements for the different cases. 
Case # PCM 1 PCM 2 PCM 3 
Case 1 RT22HC RT22HC RT22HC 
Case 2 RT28HC RT25HC RT22HC 
Case 3 RT28HC RT28HC RT28HC 
The thermo- physical properties of the selected PCM is presented in Table 29. It 
can be notice that high density PCMs are selected so that it can absorb heat. The 
latent heat capacity of the PCMs vary between 190 kJ/kg and 250kJ/kg.  
Table 29. Thermal properties of PCMs 
(Rubitherm® Technologies GmbH, Germany, http://www.rubitherm.de) 
Product code RT22HC RT25HC RT28HC 
Melting temperature range (°C) 20-23 22-26 27-29 
Solid density (kg/mᶟ) 760 880 880 
liquid density (kg/mᶟ) 700 770 770 
Latent heat(kJ/kg) 190 210 250 
Specific heat (kJ/kg ºC) 2 2 2 
Thermal conductivity (W/m K) 0.2 0.2 0.2 
Volume expansion (%) 12.5 12.5 12.5 
The numerical model of the multi-stage PCM storage is shown in Figure 162. 
Therefore, the HTF of the specified flow rate enters in the PCM 1 stage storage 
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of an inlet temperature obtained by the HCPV-MLM system. The heat is absorbed 
by the PCM in the first stage and. Then, the HTF with a reduced temperature 
flows into the second storage stage to exchange the heat with the PCM 2. Finally, 
the HTF flows into the third storage stage.  
 
 
Figure 162. PCM arrengement in the multi-stage stoage. 
6.3 Results and Discussion 
This section presents the results of the thermal characteristics of the multi-stage 
PCM storage using the heat discharged by the HCPV-MLM module conditions 
using the numerical model that is verified in chapter 5. 
6.3.1 HCPV-MLM and PCM storage (26th September 2018) 
The overall performance of multi-stage PCM storage for the different proposed 
PCM arrangement using the HTF outlet temperature for the 26th September is 
presented. The HTF flow rate is 60ml/min with a variable inlet temperature to the 
PCM storage system during the day. Figure 163 shows the rate of the stored heat 
in each case. It can be noticed that for all the PCM arrangement cases that 
storage heat rate varied with time due to the variable temperature of the HTF at 
the inlet to the PCM storage system. The figure shows that the case 1 storage 
arrangement absorbs heat more than the other two cases at all the time of 
charging period. At the beginning of the day, the absorbed heat in case 1 is the 
highest of 12W due to initial heating of the PCM. Then, it is decreased to 4.51W 
at 12:40:00. Then, the absorbed heat is increased gradually until it reaches to its 
maximum of 7.59W at 15:04:00 and then it continues to absorb heat on the 
fluctuating rate until 16:32:00. After that, the amount of the absorbed heat 
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decreases gradually and reaches to its minimum by the end of the testing day. It 
can be noticed that no heat is discharged from the system due to the fluid inlet 
temperature fluctuating throughout the day. 
Case 2 PCM arrangement follows the similar heat absorbing profile as case 1 but 
in less absorbed heating rate. At the beginning of the day, the absorbed heat in 
this case of PCM arrangement is the highest of 8W and it decreases to 3.29W at 
12:38:00. After that, the absorbed heat increases gradually until it reaches its 
maximum of 7.8W at 16:46:00 and then it continues to absorb the heat at 
fluctuating rate until 16:30:00. After that, the amount of the absorbed heat 
decreases gradually and reaches to its minimum rate by the end of the testing 
day. It can be noticed that there is a discharging of heat by the system before 
15minutes of the end of the testing which is considered as undesired thermal 
behaviour of the thermal storage. 
 Case 3 of PCM arrangement has the lowest heat absorption among the two 
cases due to the high melting temperature of the PCM. It can be noticed that the 
rate of the absorbed heat is less fluctuating in this case compared to the other 
cases. The rate of the absorbed heat is estimated by about of 1.85W between 
the 11:56:00 to 13:53:00. 
 
Figure 163. The absorbed heat by PCM in the three different PCM arragement 
cases througout the day. 
Figure 164 shows the PCM liquid fraction for all the PCMs cases arrangements 
for the 26th September. It can be seen that all the PCMs storages in the case 1 
melts gradually throughout the day. In this case (Figure 164 (a)), the PCM 1 
storage stage experiences the highest melting rate compared to the other storage 
stages (PCM 2 and PCM 3) due to its first interact with the hot inlet HTF 
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temperature to the storage system. By the end of the day, the PCM melting 
fractions in the storages reach to 0.88, 0.81 and 0.76 for PCM 1, PCM 2 and PCM 
3 respectively. This explains the continuous the absorption of heat by the PCM 
as not completing of melting of the PCM is performed. Also, the proposed volume 
of PCM is the ideal to store the heat in this profile because of the high melting 
fraction of the PCMs in the storage by the end of the day.  
Because of higher melting PCM temperature used in case 2, a lower PCM melting 
rate is noticed in the case 2 PCM arrangements. It can be observed that the 
PCM1 storage stage (RT28HC) starts melting at 13:29:00 and reaches to its 
maximum of melting fraction of 0.06 at 16:53:00. However, the PCM in this 
storage starts to solidify during the rest of the day i.e. discharging. A continuous 
melting of PCM in the PCM2 storage (RT25HC) is noticed from the beginning of 
the day until it reaches its maximum of 0.42 liquid fraction at 17:23:00. Then it 
starts to solidify and reaches to 0.29 by the end of the day. Due to its lower melting 
temperature, PCM 3 storage stage (RT22HC) melts continuously throughout the 
day and 0.83 of the PCM melts by the end of the day. A very low quantity of the 
PCM melts in the all stages on the case 3 PCM arrangement and no PCM melted 
is observed by the end of the day. This concludes that the case 1 is the best 
selection in terms of the melting fraction. 
  
(a) (b) 
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(c) 
Figure 164. The PCM liquid fraction of the PCM arragements of (a) Case 1,(b) 
Case 2 and (b) Case 3. 
6.3.2 HCPV-MLM and PCM storage (27th September 2018) 
The overall performance of multi-stage PCM storage using the heat generated 
by the HCPV-MLM system on the 27th September is shown in Figure 165. It can 
be noticed that, the case 1 storage arrangement absorbs heat more than the 
other two cases at all the time of the charging. At the beginning of the testing, the 
absorbed heat in the case 1 of PCM arrangement is 10W and it decreases to 4W 
at 12:01:00 and then it continues to absorb the heat at this rate of fluctuating 
profile until 15:37:00. After that, the amount of the absorbed heat decreases 
gradually and reaches to its minimum at the end of the testing day. It is observed 
that no heat is discharged from the system throughout the day. 
Case 2 of the PCM arrangement follows the same heat absorption profile as case 
1 arrangement but in less absorbed heating rate. The fluctuating absorbed heat 
is estimated by about 3W. Also, it is noticed that the heat absorbed heat in this 
arrangement starts to be discharged from the 18:00. Case 3 arrangement is an 
interesting behaviour where its heat absorbing profile shows a nearly a straight 
line which is different from the other two cases. The rate of the absorbed heat is 
estimated by about of 1.71W between the 12:00 to 16:17. 
 
Figure 165. The absorbed heat by PCM in the three different PCM arragement 
cases througout the day. 
Figure 166 shows the PCM liquid fraction for the case 1 and case 2 PCM 
arrangement and none of the PCM is melted in case 3. It is observed that all the 
PCMs storage stages in case 1 arrangement melts gradually throughout the day 
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disregard the fluctuation in the HTF inlet temperature. As expected, PCM 1 
(RT22HC) storage experience the most melting fraction due to its first interact 
with the hot HTF inlet temperature. By the end of the day, the PCM melted fraction 
in the storages reached to 0.69, 0.63 and 0.60 for PCM 1, PCM 2 and PCM 3 
respectively. Compared to the previous day of testing, less melting fraction of 
PCM was performed in this day i.e. less stored heat. On the other hand, a lower 
PCM melting rate is noticed in case 2 arrangement where no PCM melts at the 
PCM 1 storage (RT28HC) throughout the day. It could be noticed that PCM 2 
storage melts gradually until 15:45:00 and then it starts to solidify throughout the 
day. This is due to lower HTF inlet temperature from the HCPV-MLM system. 
However, this did not stop the PCM 3 to continue to melt where its melting fraction 
reaches to 0.65 by the end of the day. This melting fraction is considered as lower 
than the case 1 PCM arrangement.  
  
(a) (b) 
Figure 166. The PCM liquid fraction of the PCM arragements of (a) Case 1 and 
(b) Case 2. 
6.4 Conclusions 
The previous two chapters 4 and 5 conduct an extensive study on the MLM 
system and PCM storage system, respectively and each system has been 
studied individually. This is to simplify the analysis of each system and to consider 
the various parameters. This chapter has presented the integration of the thermal 
behaviour of multi-stage PCM storage system using numerical approach for the 
heat supplied by the experimental setup of the HCPV-MLM system. Its 
importance is due to the fact that the heat discharged by the HCPV-MLM system 
is characterized as a variable throughout the day and different scenarios are 
expected.  
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The HTF inlet temperature from the experimental work for the HCPV-MLM 
system was used to select the PCM melting temperature for the investigation. As 
the temperature of the fluid was less than 30°C, three types of PCMs with high 
capacity were selected of RT22HC, RT25HC and RT28HC were selected. Three 
cases of PCM arrangements were tested using the heat generated by the HCPV-
MLM for the two days of outdoor experiments and conclude the following: 
• Higher heat absorption rate on PCM storage is observed when using a 
lower melting temperature PCMs compared to the higher PCM melting 
temperature arrangements.  
• The multi-stages PCM with PCMs with different melting temperature 
shows a lower heat absorption compared to the PCM arrangement with 
one type of PCMs with a lower melting temperature.  
• The rate of the absorbed heat fluctuation is less affected by the PCM 
arrangement with a higher melting temperature. 
• Even though the heat generated by HCPV-MLM is produced at a 
fluctuating profile, the PCM with a lower melting temperature shows a 
constant PCM melting rate. 
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Chapter 7 : Conclusions and future 
recommendations 
7.1 Conclusions 
This thesis has presented numerical and experimental investigations on 
advanced solutions to enhance the performance of the HCPV system. The 
research was divided into three parts to investigate the HCPV-MLM system, PCM 
thermal storage system and the integration between the two systems. The three 
studies have been conducted with the aim to contribute to the development of an 
efficient, low-cost and reliable HCPV. The most important outcomes of the work 
are summarized in the following sections.   
7.1.1 HCPV-MLM 
The influence of the MLM on the performance of the HCPV module was 
investigated using both the numerical and experimental approaches. At the 
beginning of the study, the numerical analysis of an MLM heat sink cooling 
system for a high concentration single solar CPV receiver has been carried out. 
The analysis includes various MLM heat sink configurations to determine the 
most efficient in terms of cell temperature and fluid pumping power. The thermal 
modelling results show that increasing the microchannel height decreases the 
thermal resistance, the maximum solar cell temperature decreases and the 
temperature non-uniformity of the solar cell. However, increasing the 
microchannel width has less effect on the thermal resistance and the maximum 
solar cell temperature compared to the channel height effect.   
The non-uniform heat source with the MLM heat sink experimental study 
illustrates the thermal performance of the system. The results show that 
increasing the number of layers has a major impact on reducing the heat sink 
thermal resistance and the heat source maximum temperature. The heat sink 
thermal efficiency increases from 75% to 92% as the number of layers increased 
from 1-layer to 3-layers respectively. In addition, the heat source maximum 
temperature decreases as increasing the number of layers from single to double 
layers and less temperature reduction is observed when increasing the number 
of layers to 3 and 4. Increasing the number of layers on the MLM heat sink 
reduces the temperature non-uniformity of the heat source which effects the 
performance of the electronics.  Increasing the input power from 5W to 30W 
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increases slightly the heat sink total thermal resistance and the heat source 
temperature increases. This shows the ability of the heat sink to accommodate a 
wide range of power rate with a slight change in the thermal resistance. 
The indoor experimental characterisation of the HCPV-MLM is to investigate the 
influence of the MLM under a real HCPV operation conditions. The reported 
performance parameters are the electrical (I-V curve) and the thermal analysis. 
The results show a significant influence of the homogeniser material on the 
system performance. The maximum power of the HCPV module with glass 
homogeniser considerably increases than when using the homogeniser made 
from the crystal resin. Also, the short circuit current for the HCPV module with 
glass homogeniser is slightly higher than when using the crystal resin 
homogeniser module due to the higher transparency, less optical loss and 
uniformity in the intensity distribution found in the glass material. The experiments 
show clearly that the high intensity damages the homogeniser made from the 
crystal resin and no effect of defect is noticed on the homogeniser made from 
glass.   
The increase of the number of layers increases the short circuit current and the 
maximum power. This is considered as a good efficiency improvement of the 
system. In addition, increasing the number of layers decreases the solar cell 
temperature and the solar cell temperature uniformity.    
In the last part of the experimental investigation, the outdoor characterisation of 
HCPV-MLM module to evaluate the performance in Penryn campus location has 
been studied. It provided real performance data under variable irradiances of the 
I-V characterisation, thermal behaviour of the HCPV module. In a sunny day, the 
proposed HCPV-MLM system shows a maximum output power of 4.49W, 
corresponding to a maximum solar irradiance of 906 W/m². The fill factor was 
76% and the maximum short circuit current was 1.97A at this maximum solar 
irradiance. Using the MLM technique on the HCPV maintained maximum solar 
cell temperature during the day of 62.99°C, which is within the solar cell 
manufacturer limit. In addition, the extracted heat from the proposed HCPV-MLM 
system varied between 13.69W to 0.29W. During the maximum output power, the 
amount of the extracted heat was 12.12W which represents of around 63% of the 
total input power.   
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7.1.2 PCM thermal storage 
The investigation of influencing the PCM thermal storage is summarized in this 
section. At the beginning, the numerical analysis of a PCM storage system for the 
thermal storage has been carried out to examine the geometric parameters on 
influencing its parameters. The model has been validate using an experimental 
result from a published reviewer. The thermal modelling results show decreasing 
the radius of the PCM storage increases the PCM average temperature during 
the melting. Also, more heat absorbed by the PCM in case of reducing the radius 
due to the increase area between the PCM and the surface of the HTF tube for 
the charging time. In addition, it has been shown the dependency of the storage 
length on the amount of the stored heat. 
The thermal behaviour of the PCM storage system under different inclination 
positions and working conditions has been explored experimentally at constant 
HTF inlet temperature and flow rate. The study has investigated the effect of the 
HTF flow rate and inlet temperature on the PCM storage performance. The 
results show that HTF inlet temperature plays an important role in reducing the 
PCM melting time and increasing the overall PCM temperature where a slight 
effect of the HTF flow rate on the PCM melting time and the average temperature 
is noticed. 
The results show a significant influence of the inclination of the PCM melting time, 
PCM profile and the temperature distribution. The PCM storage in 45º inclination 
position melts faster than the PCM in the storage in the 0 º and 90º inclination 
positions and the PCM melting time is reduced in the storage of 45º inclination 
compared to the storage at 0º inclination. In addition, the PCM temperature 
variation along the axial position is decreased as the storage inclination position 
is increased from the 0º to 90º. However, the PCM average temperature within 
the PCM storage is similar for all the inclination positions. Also, the melting profile 
of the PCM in the storages at the different inclination positions is different from 
each other where the PCM melts faster in the axial direction than the radial 
direction in the storage inclination position of 0º. The flow of the liquid PCM within 
the storage is an interesting finding and has an important in influencing on the 
PCM melting rate where the PCM faces the direction of buoyant force is melted 
in faster rate compared to the PCM located in all other directions. 
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This influence of the multi-stage PCM storage technique in enhancing the thermal 
conductivity of the PCM has been studied experimentally and numerically. The 
investigation has included the overall characteristics of a multi-stage system by 
examining the temperature distribution, stored heat and melting profiles. The 
thermal analysis shows that the multi-stage PCM arrangement could be used to 
increase the PCM average temperature. The larger the melting temperature 
difference between multiple PCMs, the more sensible heat is stored in the PCM 
storage. This is due to the fact that the PCM with the lowest melting temperature 
melts faster when the melting temperature difference between multiple PCMs 
becomes greater. 
7.1.3 HCPV-MLM and PCM storage 
At the last part of the investigation, a numerical model of the integration of the 
HCPV-MLM and PCM storage has been investigated. The study has considered 
different PCM arrangements. The results show a higher heat absorption rate on 
PCM storage in the lower melting temperature PCMs arrangement compared to 
the higher PCM melting temperature. In addition, the multi-stages PCM with the 
different melting temperature showed a lower heat absorption compared to the 
PCM arrangement with the lower melting temperature. The rate of the absorbed 
heat fluctuation is less affected by the PCM arrangement with higher melting 
temperature. Even though the heat produced by the HCPV-MLM produced at a 
fluctuating profile, the PCM with lower melting temperature showed a constant 
PCM melting rate. 
7.2 Achievements 
This thesis work provides an extensive study on enhancing the concentrating 
photovoltaic performance using the multi-layer heat sink technique and the PCM 
thermal storage. The detailed study also identified the scope of possible 
improvements in the integration of all the HCPV-MLM and the PCM storage. 
The thesis has reported the application of a new technique in the thermal 
regulation of the HCPV. The experimental investigation carried out in this study 
has allowed the identification of the thermal behaviour of both systems the HCPV 
and the MLM heat sink. The thermal behaviour of the MLM heat sink has been 
examined using the experimental approach under a non-uniform heat source. 
This is very important due to the lack of investigation the MLM heat sink under 
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non-uniform heat source. In addition, the examination the performance of the 
HCPV-MLM heat sink in indoor and outdoor conditions is considered as one of 
the key achievements due to this being the first example of this kind of 
experiment. The outdoor tests are as one of the rare tests conducted in this part 
of UK and therefore this could be a valuable reference for the researchers in the 
future. 
The investigations on the PCM storage have revealed and clarified more details 
mainly about two topics; the orientation effect and the multi-storage 
investigations. The study on the PCM storage orientation is one of the very few 
studies which has investigated experimentally and numerically the thermal 
behaviour of the PCM under those orientation positions. The multi-stages PCM 
storage investigation has achieved the testing of this technique as a thermal 
conductivity enhancement of the PCM using different PCM arrangements. The 
attempt of integrating the output thermal energy from the HCVP-MLM into a multi-
stage PCM storage using the numerical approached has provided a solution in 
improving the overall system efficiency.  
7.3 Recommendations for future work  
The major objectives of the project have been achieved and have been reported 
in detail in the present thesis. However, some of the tasks have yet to be 
concluded and further investigations are required. The manufactured full HCPV-
MLM with the PCM storage prototype has been tested experimentally at the 
University of Exeter, UK: a full-scale outdoor characterization would allow refining 
the design of the presented receivers, in order to enhance the electrical and the 
thermal performance of the system. Long term outdoor testing would also assess 
the durability of the developed system and highlight which modifications need to 
be introduced. Moreover, the fabrication on a larger scale with multi-solar cells 
high concentration would allow a full-scale characterization, in terms of electrical 
and thermal performance. Finally, new areas to be investigated emerged during 
the current study. Hence, a list of recommendations for future works is reported 
here:  
HCPV-MLM heat sink: 
• Improving the optical efficiency of the system to enhance electricity and 
thermal energy. This includes the developing new and lightweight optical 
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materials, optical interface between the optics and the solar cell, and 
minimise the losses from the system. This will be done through enhanced 
optical, thermal and electrical efficiency and Geometric experiments in 
order to establish light loss mechanism. 
• Minimizing the non-uniform optical losses from the CPV module to improve 
the electrical performance. Non-uniformity can occur due to the 
imperfection of the optical device and system, which will be optimised with 
surface engineering. 
• Manufacturing a light and compact module will reduce the required torque 
by the tracker and hence less power used by the system. Also, using less 
materials will lower the cost of the system. This is also enabled us to 
improve higher power to weight ratio of the modules, essentially reducing 
the overall costs of the electricity generation. 
• Investigating the correspondence between the microchannel effectiveness 
and geometry to optimize the design of micro-finned heat sinks. Using 
other types of fluids including nano-fluids will be investigated to enhance 
the electrical and thermal performance of the system. 
• Experimental verification of the behaviour of microchannel plates made of 
different materials will be conducted in future for various climatic 
conditions. 
• Redesigning the heat sink case is considered as a potential improvement 
on the system performance and cost. This is due to the fact that the current 
heat sink case was designed for the experimental used only and no 
minimization of materials was conducted. 
PCM storage system: 
• Scale up PCM storage size should be investigated to accommodate the 
extracted heat with the different enhancement techniques such as the fins 
• Test the multi-stages PCM techniques in scale up version. 
• Discharge the extracted heat to a useful application such as a heating a 
room or green house for agriculture purposes. 
Integration of the HCPV-MLM with the PCM storage: 
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• Develop a full integrated HCPV-MLM with the PCM storage to help 
understanding the system overall performance. 
• On-field installation and continuous monitoring of the HCPV-MLM with the 
PCM storage in the UK weather condition to get more information on the 
long-term performance and on the durability of the components. 
• Develop a cradle to incarnation life cycle analysis and cost analysis study. 
These recommendations are expected to improve the performance and reduce 
the costs of CPV systems. These investigations have not been conducted 
because of time constraints or because they were beyond of the primary scope 
of the PhD project, but would definitely contribute to CPV cost-cutting and to its 
diffusion in the future power generation market. Moreover, the installation of the 
full HCPV-MLM and PCM storage will provide opportunities for the expansion on 
the knowledge of the topic. 
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Appendix A 
Along with the main PhD study, the investigations of using the PCM as a passive 
heat sink has been investigated and published. This appendix presents the 
published studies which are not pointed out in any part of the thesis.  
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Case study 1: Multiple Phase Change Material 
(PCM) Configuration for PCM-Based Heat Sinks- An 
Experimental Study 
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Case study 2: Thermal regulation of building-
integrated concentrating photovoltaic system using 
phase change material 
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